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Abstract 

Incoherent-scatter radar data from Poker Flat, Alaska has been used to determine size 

distributions of electron density structures in the evening time sector of the auroral zone. At high 

latitudes ionospheric plasma typically moves east-west with speeds of several hundred meters 

per second. Density irregularities that rapidly move through the radar beam are therefore 

observed as time-varying power fluctuations. The new phased array radar used for this study has 

been operated with several antenna directions with successive pulses transmitted in each 

direction. It is therefore possible to observe plasma Doppler velocities in multiple directions and 

determine the vector direction of the plasma motion. 

This near-simultaneous observation of the plasma velocity in conjunction with the 

electron density height profile data enable a new technique to determine the scale sizes of 

electron density fluctuations that move horizontally through the radar beam. The study focuses 

on the collision-less F-region ionosphere where the plasma drift is approximately constant with 

altitude. The experimental technique limits the range of scale sizes that may be studied to 

relatively large-scale sizes (i.e. greater than few tens of km). 

Results show that during magnetically disturbed conditions (Kp ≥ 4) when westward 

plasma velocities are relatively high (500-1000 m/s) the scale sizes of irregularities (often called 

plasma blobs) are in the range of 100-300 km and predominantly originate from the polar cap 

and are transported over long distances (~1000 km) due to the long chemical recombination 

times (30-90 minutes). Some irregularities are caused by local auroral particle precipitation and 

have been identified with associated electron temperature enhancements. For cases of low 

magnetic activity (Kp ≤ 1), when the radar is located in a region of low plasma velocities (100-

500 m/s) well south of the auroral oval (essentially a mid-latitude type ionosphere), the density 

distribution is always biased strongly toward small-scale sizes (less than 50 km). 
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CHAPTER 1. INTRODUCTION 

In the auroral zone naturally occurring plasma irregularities with a broad range of 

horizontal spatial scale sizes exist in the ionosphere, particularly at evening due to the effects of 

particle precipitation, magnetospheric convection electric fields and auroral currents. Of 

particular interest in the present study are the large-scale electron density enhancements in 

auroral zone F-region ionosphere known as blobs. Ionospheric blobs are associated with small-

scale density irregularities that may affect satellite to ground communication links such as GPS 

navigation systems. These structures also are potentially significant to applications such as SAR 

(Synthetic Aperture Radar) satellite imaging of earth. The newly available PFISR (Poker Flat 

Incoherent Scatter Radar) is a powerful ground-based remote sensing tool capable of studying 

earth atmosphere and ionosphere that we have used to investigate these large-scale density 

structures. Phased-array (pulse-to-pulse steering) technology integrated with this UHF (ultra high 

frequency) radar allows near-simultaneous measurements of numerous plasma parameters, such 

as electron density, ion drift velocity, electron/ion temperatures and line-of-sight (los) velocity in 

multiple look directions. The objective of this thesis is to use high-time resolution measurements 

from the radar at Poker Flat, Alaska to estimate the scale sizes of irregularity structures. 

This thesis is divided into five chapters. Chapter 1 introduces the background and 

motivation of the thesis, including the overview of the ionosphere, the effects of electron density 

irregularity structures on navigation systems and SAR imaging, the review of previous studies 

and the objective of the thesis. Chapter 2 discusses the incoherent-scatter radar technique, 

advantages of the phased-array radar over traditional incoherent scatter radar, and determination 

of electron density and estimation of ion velocity. Chapter 3 discusses the experimental 

approach, signal processing techniques and assumptions used to calculate the distribution of 

scale sizes of electron density blobs. The results and findings of electron density irregularity 

observations carried out on fourteen different nights using the incoherent-scatter radar at the 

Poker Flat Research Range are discussed in chapter 4. Finally the conclusion and future work are 

discussed in chapter 5. 

1.1. Overview of the Ionosphere 

The study of the ionized region of the earth’s atmosphere, i.e. the ionosphere, has gained 

its importance with the evolution of long-distance radio communication. In 1902, Arthur 

Kennelly and Oliver Heaviside independently suggested that ionized layers of the upper 
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atmosphere are responsible for the refraction/reflection of radio waves over the curvature of the 

earth from trans-Atlantic communication experiments demonstrated by Guglielmo Marconi in 

1901 [Hunsucker and Hargreaves, 2003]. Later, a set of experiments conducted by Appleton 

provided direct evidence of ionized layers above 50 km from the earth’s surface [Appleton and 

Barnett, 1925a, 1925b]. Breit and Tuve [1926] confirmed the existence of conducting layers 

through their oscillographic study of radio echoes from the ionized layers. Both studies were 

based on findings of radio signals of frequency f reflected from ionized layers present at an 

altitude at which the signal frequency is equal to plasma frequency (i.e., f = f pe where .f pe is the 

plasma frequency). High frequency signals with a frequency f greater than the plasma frequency 

(i.e., f >𝑓𝑝𝑒) propagate through the ionosphere into the space without any reflection. The plasma 

frequency and electron density are related as shown in equation 1.1, 

 

𝑓𝑝𝑒 = 8970 ∗ √Ne                                                                                                          (1.1) 

 

where f pe = Plasma frequency in Hertz 

          Ne = Electron density/cm3. 

As shown in figure 1.1a, during day time the ionosphere is heavily ionized due to solar 

radiation and it has four regions (i.e. D, E, F1 and F2 regions). The D region of the ionosphere 

ranges from an altitude of ~ 60-95 km during the day. The electron recombination and 

attachment rates in this region are relatively high and the free electron density is very small (< 

103 cm-3). The region above the D region is the E region, also known as Kennelly-Heaviside 

layer. The E region of the ionosphere ranges from an altitude of ~ 90-140 km with an electron 

density ranging from 104-10 5 cm-3. Thin, enhanced layers of ionization known as sporadic-E are 

often observed at these altitudes. The F region has the maximum ionization which ranges from 

an altitude of 140-500 km above the earth’s surface with an electron density maximum typically 

from 105-106 cm-3 at about 250-300 km altitude. During the day time, the F region often has two 

distinct peaks, i.e. F1 (from 140-210 km) and F2 regions (over 200 km). During night time, with 

no EUV (Extreme Ultra Violet) radiation to produce electrons, the E and F regions rapidly decay 

as shown in figure 1.1b.  
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Figure 1.1: (a) Structure of ionosphere during day time as a function of altitude and electron density. (b) 
Structure of ionosphere during night time as a function of altitude and electron density. 

Radio waves propagating through the ionosphere are sensitive to various phenomena 

such as absorption, reflection, refraction, scattering, polarization, dispersion and diffraction; 

these effects are dependent on wave frequency, altitude, etc. For example, due to the high 

collision frequency and recombination rate of electrons, the D region strongly absorbs the high 

frequency signals propagating through it. Under normal conditions sky wave propagation of 

High Frequency (3-30 MHz) radio waves over long distances is possible either by refraction or 

by multiple reflections between the ground and the E or F-region of the ionosphere as shown in 

Figure 1.2a. At night the intensity of the E region decreases, making it unsuitable for radio 

transmission and the radio communication is done via the F layer. The F layer is the most useful 

layer for long distance radio communications even though its degree of ionization varies from 
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time to time, day to day, season to season and geomagnetic latitude to latitude. Knowledge of 

unpredictable irregular variations of the F region is required in order to plan an efficient 

communication system. 

The ionosphere can be probed by using a variety of tools such as ionosondes, radars, 

rockets, satellites, interferometers, and optical imagers. This thesis uses a ground- based radar 

technique for studying the earth’s ionosphere (incoherent-scatter radar) which is discussed in-

depth in chapter 2.  

 
Figure 1.2: (a) Propagation of high-frequency radio waves by reflection of ionosphere during day time. 
(b) Propagation of high-frequency radio waves by reflection of ionosphere during night time. 

1.2.  Impact of Electron Density Irregularities on Navigation Systems and SAR Imaging  

Communication and navigation systems located above the ionosphere transmit signals 

with frequencies higher than the maximum usable frequency of the ionosphere so that the signals 

can travel through the ionosphere and reach the receivers on the ground without getting reflected. 

Though these signals pass through the ionosphere without any reflection, there are considerable 

effects on their amplitude, phase and angle of arrival, known as ionospheric scintillation. The 

radio waves are diffracted as they propagate through regions of electron density irregularities and 

reach receivers on the ground through multiple paths, resulting in amplitude and phase 

fluctuations from constructive and destructive interference. Large-scale variations of electron 

density also vary the phase of the signal very rapidly. The phase and amplitude fluctuations of 
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the signal depend on the electron density along the path of the signal. The variation in the phase 

of the signal is given by  

 

Phase(∅) = 8.448∗10−13∗TEC
𝑓

 𝑟𝑎𝑑                                                                                               (1.2) 

 

where f = Radio frequency in MHz. 

          TEC = Total Electron Content (1 TEC unit = 1016 electrons/m2) is the measure of total 

number of electrons along the path of the signal and is given by 

 

TEC = ∫ Ne𝑟2
𝑟1 𝑑𝑟  

 

where Ne    = Electron density in electrons/m3 

           𝑟1 and 𝑟2 are the initial and final ranges of the path of the signal. 

The phase of the modulation of the signal is varied by  

 

∅m= -8.448*10−7× 𝑓𝑚
𝑓𝑐2

×TEC 𝑟𝑎𝑑                                                                                 (1.3) 

 

where fm = Modulated Frequency (Hz) 

         fc = Carrier Frequency (Hz). 

Total electron content fluctuations also results in a time delay of the signal and is given by 

equation 1.4, 

 

∆time = 8.448*10−7 ∗ TEC
2∗𝜋∗𝑓𝑐2

 𝑠𝑒𝑐.                                                                                (1.4) 

 

The wave propagating perpendicular to the slope of electron content fluctuations gets refracted 

through an angle α, known as wedge refraction and is given by 

 

α= � 𝑐
2∗𝜋
� ∗ �8.448∗10−19

𝑓2
� ∗ 𝛿𝑇𝐸𝐶

𝛿𝑦
                                                                                       (1.5) 
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where y = direction of the wave. 

All the phase calculations are done by neglecting the geomagnetic field and collision 

frequencies. Under the influence of a magnetic field, when a linearly polarized wave is incident 

on a medium, the plane of polarization of the wave may rotate through an angle [Faraday, 1846]. 

Later, the theory of this Faraday Effect was extended to different media including the ionosphere 

[Verdet, 1856; Bacquerel, 1897; Cotton and Mouton, 1907; Pedersen, 1927; Browne et al., 1956; 

Davies, 1989; Yariv and Yel, 1984; Yeh et al., 1999]. The wave polarization angle changes as it 

propagates through the ionized medium and the amount of rotation depends on electron density 

along the path of the wave and the magnetic field strength. The angle of rotation, or the 

polarization angle (Ω), may be computed from 

 

 Ω = 2.365∗104

𝑓2 ∫ 𝑁𝑒 ∗ 𝐵𝐿𝑑𝑟
𝑟2
𝑟1                                                                                           (1.6) 

 

where BL= Magnetic field (webers/m2) component in the direction of wave propagation. 

Electro-magnetic waves often suffer amplitude variations (called scintillations) as they 

propagate through the ionosphere. Amplitude scintillation affects the signal to noise ratio of GPS 

receiver signals and increases the noise levels in the code and phase measurements. The received 

GPS signal intensity from a satellite might drop below the receivers tracking threshold, causing 

the loss of lock on that satellite, resulting in reduced accuracy navigation, cycle slips and data 

loss. Phase scintillations may also occur and have significant effects on phase-lock loops in GPS 

receivers, resulting in a loss of phase lock. Plasma irregularities with a scale size smaller than 1 

km cause amplitude and phase scintillations of GPS signals. Large-scale electron density 

structures cause only phase scintillations and are known for their effects such as refraction, 

signal delay and polarization rotation. This effect increases with the increase in variations of total 

electron content (TEC). The presence of elongated structures in the F-region ionosphere is the 

main reason for large-scale variations of TEC. An overview of ionospheric effects on radio wave 

propagation is shown in Figure 1.3. 

L-band space-borne synthetic aperture radar (SAR) provides valuable earth science 

measurements. A detailed description of SAR is complex and beyond the scope of this thesis. In 

a typical SAR application, a single radar antenna with a large aperture attached to the space craft 

flies over the ionosphere radiating a signal that illuminates the terrain underneath the satellite out 
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towards the horizon. As shown in Figure 1.4, the radar gathers the reflected signals at different 

times and positions during the flight which are coherently processed to achieve fine spatial 

resolution images. The presence of large-scale electron density structures in a field view may 

result in phase scintillations and Faraday rotation of the radio waves, which can cause image 

defocusing [van de Kamp et al., 2009], geolocation errors, interferometric phase errors and 

distortions of the signal’s polarimetric signature. Large-scale density structures in the auroral 

zone have been shown to adversely affect SAR images [Meyer et al., 2006]. In order to develop 

techniques to correct these images, knowledge of spatial and temporal properties of the 

irregularities is required.   

 
Figure 1.3: Ionospheric effects on radio wave propagation. 

1.3. Historical Review and Objective of Thesis 

In 1946, Hey, Parsons and Phillips reported small-scale fluctuations in the intensity of 

cosmic noise from the direction of the Cygnus constellation which was believed to be the source 

of fluctuations at that time [Hey et al., 1946]. The Interstellar medium, or terrestrial ionosphere, 

were also considered as two possible regions responsible for fluctuations of galactic sources 

[Ryle and Hewish, 1950]. Even though observations made with receivers separated by a short 

distance showed some correlation, readings taken from widely-spaced receivers revealed no 

coherency in the fluctuations of radio stars [Bolton and Stanley, 1947; Smith, 1950; Little and 

Lovell, 1950; Bolton et al., 1953]. These observations led to the assumption that irregular 
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refraction from the ionosphere is responsible for the radio star scintillations. In 1950, Ryle and 

Hewish observed radio waves on wave lengths of 3.7 m and 6.7m and concluded that the earth’s 

atmosphere is responsible for irregular refraction of radio waves and also stated that electron 

density irregularities of the ionosphere might be the reason [Ryle and Hewish, 1950]. In 1951, 

Hewish used the diffraction mechanism of radio waves received from a radio star to study 

irregularities in the ionosphere. Based on observations, he deduced that ionospheric irregularities 

have a sidewise extent of 2-10 km at an altitude of 400 km with irregularities peaking near 

midnight with an annual variation [Hewish, 1952]. Insufficient observations hampered his 

method of determining the height based on amplitude and phase fluctuations of radio waves 

received from the radio stars [Booker, 1958]. The theory of radio diffraction pattern and their 

application to study the F region ionosphere was discussed in detail by Ratcliffe [Ratcliffe, 1951; 

Ratcliffe, 1954] and Booker [Booker et al., 1950; Booker, 1958]. Many earlier radio-

astronomical studies identified the dependence of variations in the scintillation of radio waves 

with the time of the day, season, solar cycle, latitude and magnetic activity [Bolton et al.,1953; 

Booker, 1958; Wild and Roberts,1956; Briggs, 1958; Shimazaki, 1959; Aarons et al., 1966; 

Smerd and Slee, 1966 and references therein]. 

 

Figure 1.4: Synthetic Aperture Radar Imaging concept with the presence of F region electron density 
blobs.  
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The success of the first low-altitude satellite, ‘Sputnik 1’, in 1957 triggered the study of 

E-region and F-region irregularities. Kent (1959) reported that a 40 MHz wave transmitted from 

‘Sputnik 1’ as it propagated through the ionosphere experienced fading due to the rotation of the 

satellite, Faraday rotation of the wave and irregular fading associated with 1 km electron density 

irregularities and that this fading was observed at latitudes greater than 500 N. Kent (1961) later 

reported similar fading of 108 MHz waves associated with 100 km scale size F-region density 

irregularities along the magnetic field lines during night time in the equatorial region. Signals 

recorded from satellites “Sputnik I” and “Sputnik III” exhibited diurnal variations and seasonal 

variations of scintillation occurrence [Yeh and Swenson, 1959]. Many observations and 

theoretical studies of  radio satellite scintillations associated with spread F, sporadic E and 

auroral E at low, middle and high latitudes during the years of high and low solar activity at 

different times, seasons and magnetic activity by using different satellites are reported by many 

researchers [Yeh and Swenson, 1959; Liszka, 1962a; 1962b, 1963; Singleton and Lynch, 1962;  

McClure, 1964; Basu et al., 1964; Frihagen and Liszka, 1965; Aarons et al., 1966; Ireland and 

Preddey, 1967; Aarons et al.,1969; Bandyopadhyay and Aarons,1970; Hargreaves,1970; 

Hargreaves and Holman, 1972; McClure and Hanson, 1973; Davies et al., 1975; Basu et al.,1980 

and references there in]. The global morphology of ionospheric scintillations and a complete 

review of geographical and geophysical effects on the scintillation variations are reviewed by 

Aarons et al., 1971, Aarons 1982, Yeh and Liu, 1982.  

For convenience, it is common to divide the earth into three regions based on 

geomagnetic latitude. They are 

(1)  Low-latitude or Equatorial Region (150-250 either side of the equator) 

(2)  High-latitude Region (Pole ward of about 600 latitude ) 

(3)  Mid-latitude Region (The region between high and low latitude regions). 

This thesis is mainly addressing the high-latitude ionospheric region that is more dynamic 

compared to lower latitudes and is the location of the plasma structures that have been measured. 

As the geomagnetic field runs nearly vertical in the high-latitude region, it is influenced by the 

magnetosphere and solar wind.  

The convection pattern of plasma at higher latitudes is influenced by the orientation and 

intensity of the interplanetary magnetic field (IMF) [Dungey, 1961]. IMF is a vector quantity 

with three directional components, Bx, By and Bz. Components Bx and By are oriented parallel 
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to the ecliptic plane whereas component Bz is oriented perpendicular to the ecliptic plane. The 

Bx component, which is along the sun-earth line, has subtle effects on the circulation pattern of 

plasma. Both east-west By and north-south Bz IMF components have significant effects on the 

circulation patterns. Coupling between the solar wind and magnetosphere varies widely for 

different IMF conditions. Southward IMF, or negative Bz, causes strong coupling between the 

solar wind and the magnetosphere, which results in transfer of energy, mass and momentum 

from the solar wind to the magnetosphere. When the IMF is southward, the magentospheric 

plasma flow at ionospheric heights resembles a two-cell convection pattern which was first 

defined by Axford and Hines [1961] and was mapped in detail from satellite observations and 

various ground-based observations [Heppner, 1972, 1973, 1977; Heelis et al., 1982; Maynard et 

al., 1982; Heelis,1984; Heppner and Maynard, 1987]. It has also been studied with ionospheric 

modeling [Knudsen et al.,1977; Spiro et al., 1978; Watkins, 1978; Quegan et al., 1982; Sojka and 

Schunk, 1985, 1987; Schunk et al., 1986]. The plasma flows in the ionosphere with speeds of 

several hundred m/s are commonly observed. Plasma circulation patterns are shown in figure 

1.5a. Coupling between the solar wind and the magnetosphere is less during northward IMF 

conditions and the speed of plasma flow is much lower under these conditions. Several 

researchers proposed two-cell, three-cell and four-cell convection patterns in order to explain the 

circulation pattern of plasma flow under certain IMF conditions. An example of a four-cell 

convection pattern when IMF Bz is positive is shown in Figure 1.5b. 

Enhanced elongated F region plasma structures, known as patches, were first observed 

over the central polar cap at Thule, Greenland using all-sky imagers and ionosonde data [Weber 

and Buchau, 1981]. Many other observations using a variety of optical  techniques and 

ionospheric soundings [Buchau et al., 1983; Weber et al., 1984; Weber et al., 1986], Incoherent 

scatter radar [Kelley and Vickrey, 1984; Foster, 1984, 1989; Foster and Doupnik, 1984; Foster et 

al., 1985; Moen et al., 2006 and references there in], meridian scanning photometer [McEwen 

and Harris, 1996], coherent radar [Milan et al., 2002], and modeling studies [Sojka et al., 1994] 

were reported to explain the formation, evolution and characteristics of patches.  

Polar cap patches of ionization with horizontal scale sizes of more than 100 km are 

thought to be formed on the dayside by solar extreme-ultraviolet (EUV) radiation [Foster 1984, 

1989, 2005; Buchau et al., 1983; Anderson et al., 1988; Sojka et al., 1993; Sojka et al., 1994; and 

references therein] or by energetic particle precipitation [Weber et al., 1984; Rodger et al., 1994; 
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and references therein] in the cusp region or in subauroral latitudes. For southward IMF 

conditions, Patches thus formed convect over the polar cap with ExB drift velocity from the noon 

to midnight sector and exit the polar cap during midnight [Carlson, 1994, 2012]. Under 

northward IMF conditions, sun-aligned arcs, or theta auroras, or transpolar arcs, are often 

observed over the polar cap ionosphere [Buchau et al., 1983]. Figure 1.6 shows the dynamics of 

the polar cap under different IMF conditions. The black lines represent the corrected 

geomagnetic latitude and local time with the red auroral oval superimposed on it for reference. 

Blue lines indicate the circulation pattern of plasma flow. Figure 1.6(a) shows patches with a 

horizontal spatial scale size of around 1000 km surrounded by lower density plasma produced in 

the cusp region moving in the anti-sunward direction with a speed of around 1000 m/s across the 

polar cap to join the return sunward flow patterns under southward IMF Bz and positive By 

conditions. Changes in By introduces a dawn-dusk symmetry.   

 

 
Figure 1.5: Plasma Convection at high-latitude (a) Basic two-cell convection pattern under southward 
IMF conditions. (b) An example of four-cell convection pattern under northward IMF conditions. 
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Figure 1.6: Irregular structures in the polar cap ionosphere (a) Patches drifting anti-sunward during 
Southward IMF state (b) Sun-aligned arcs or theta auroras with Dawn-Dusk drift observed during 
Northward IMF state. [After Carlson 1994] 

This thesis principal interest lies in the larger structures with approximate sizes ranging 

from 10-300 km that are present in the auroral zone F-region ionosphere during the evening. The 

first incoherent-scatter radar observations of plasma enhancements in the auroral zone were 

made at Chatanika by Banks et al., [1974]. Coordinated observations using radar and TRIAD 

satellite data of VHF scintillations resulting from F-region ionization enhancements were 

reported by Vickrey et al., [1980] and Vickrey [1981]. Later, many studies addressed the 

production mechanisms and properties (spatial extent, motion, temperatures) of auroral zone 

blobs using a variety of experimental techniques coordinating with the Chatanika incoherent 

scatter radar [Kelley et al., 1982; Muldrew and Vickrey, 1982; Rino et al., 1983; Robinson et al., 

1985; de la Beaujardière et al., 1985; Weber et al., 1985; and references there in] and EISCAT 

radar [de la Beaujardière et al., 1985; Hargreaves et al., 1985; Tsunoda et al., 1985; Hargreaves 

and Burns, 1988; Wang et al ., 1990 ; Burns and Hargreaves, 1996; Pryse et al., 1996; and 

references therein] were reported. A number of theories proposed to explain the production 

mechanism of irregularity structures were reviewed by Tsunoda [1988]. The most accepted 

source mechanisms are: 

(a) Polar cap patches that are formed on the day-side of the earth by solar radiation or 

energetic particle precipitation in the cusp region move antisunward across the polar cap 

with the ExB drift velocity from noon to midnight. As F-region plasma has long chemical 
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recombination times, polar cap patches then convect into the night side auroral zone 

forming east-west elongated structures known as blobs      [Robinson et al., 1985; Weber 

et al., 1985; and references therein]. 

(b) Particle precipitation in the polar cap or auroral zone produce blobs in the evening auroral 

zone [Kelley et al., 1982]. 

Figure 1.7 shows the electron density contour map as a function of altitude and latitude 

measured by Chatanika radar while the antenna was swept in the magnetic meridian plane. This 

plot shows a series of electron density enhancements, or blobs, with a horizontal scale-size 

ranging around 50-100 km located nearly overhead of the radar site. Figure 1.7 suggests the 

presence of a range of density scale sizes. However to derive these data, the radar, which used a 

large mechanically movable dish, was slowly scanned in the north-south direction in a time span 

of several minutes. Since the ionization in the auroral zone is usually moving east-west with 

speeds of several hundred m/s, it was not possible to derive scale size values. There is a new 

radar facility at Poker Flat where the phased-array permits measurements in several directions 

nearly simultaneously. This new capability provides both the east-west velocity and electron 

density range profile data. The combination of both density and velocity data with very good 

time resolution can then be used to derive scale-size values of density structures. The next 

chapters will explain the method in more detail. 

 
Figure 1.7: Altitude/latitude variation of electron density in the midnight sector auroral zone measured by 
the Chatanika incoherent scatter radar [From Kelley et al., 1982]. 
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CHAPTER 2. INCOHERENT SCATTER RADAR 

2.1. Introduction 

Incoherent-scatter radar (ISR) is one of the most powerful ground-based remote sensing 

techniques capable of measuring a wide variety of ionospheric plasma parameters. 

Electromagnetic waves transmitted by high-power radio transmitters are weakly scattered by 

thermal fluctuations of the electrons, i.e. incoherent scatter, in the ionosphere and are collected 

by using large aperture radar receivers. Incoherent-scatter radar measures the basic parameters of 

the backscattered signal such as (a) Power as function of range [Farley, 1969a], (b) Faraday 

rotation angle as a function of altitude [Farley, 1969b] and (c) Power spectrum, or Frequency 

spectrum or the autocorrelation of the received signal as a function of range [Farley, 1969c]. 

Several plasma parameters, such as electron density, ion and electron temperatures, line-of-sight 

(LOS) velocities (can be transformed to ion drift velocity), ion mass and ion-neutral collision 

frequencies can be determined by fitting or comparing the theoretical spectrum to the measured 

spectrum of the scattered radiation. 

Over the years, with advances in technology, traditional incoherent-scatter radars have 

been replaced by phased-array technologies that can provide high-time and spatial resolution 

measurements and less space-time ambiguity overcoming the disadvantages of traditional 

incoherent-scatter radars. The basic concepts and measurement techniques for determining the 

plasma parameters are still the same. This chapter briefly discusses the incoherent-scatter radar 

theory, basic modulation technique, advantages of the phased-array radar over traditional 

incoherent-scatter radar, determination of electron density and evaluation of ion velocity with an 

example.  

Over 50 years ago, the incoherent-scatter radar technique came into existence when in 

1958 W. E. Gordon pointed out that scattering of radio waves from free electrons can be detected 

by using powerful radar. He also predicted that the backscattered signal is Doppler broadened in 

frequency, corresponding to thermal motion of electrons in the plasma [Gordon, 1958]. 

Enormous sensitivity is required for estimating the Doppler broadening associated with the 

electrons. For this very purpose Gordon proposed the construction of the Arecibo observatory 

with 305 meter diameter antenna. Before the completion of Arecibo observatory, Bowles [1958], 

using 20 MW acre system with a 41-MHz pulse transmitter and Pineo, Kraft and Briscoe [1960], 

using 84-foot-diameter antenna with a 440 MHz pulse transmitter observed incoherent scatter 
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from electrons with expected amount of power density but with a much narrower spectral width 

(around 5-10 %) than predicted by Gordon. As Coulomb’s force of attraction exists between the 

ions and electrons in the plasma, narrower spectral width or Doppler broadening of the scattered 

signal corresponds to the speed of much heavier and slower ions rather than that of electrons 

[Bowles, 1959; Dougherty and Farley, 1960; Fejer 1960a,1960b]. Gordon also expected the 

spectrum of the scattered electromagnetic signal to be Gaussian, which was later modified and 

demonstrated to have a double-humped spectrum distributed on both sides of the transmitted 

frequency. Due to electrostatic coupling between electrons and ions, the random thermal motion 

of electrons produces ion-acoustic waves and plasma waves. The double-humped shape of the 

spectrum is due to ion acoustic waves travelling towards and away from the radar and is shifted 

slightly up or down in frequency, which gives a measure of line-of-sight bulk-plasma velocity. 

Theories for incoherent scatter from the ionosphere were developed in parallel by several 

researchers [Fejer, 1960a, 1960b; Dougherty and Farley, 1960, 1963; Salpeter, 1960a, 1960b, 

1961; Hagfors, 1961; Rosenbluth and Rostoker, 1960, 1962; Farley et al., 1961; Farley, 1966; 

Bekefi, 1966; Farley,1971; Swartz and Farley, 1979; and references therein]. 

Radar (Radio Detection and Ranging) is an electrical system which transmits short pulses 

of electromagnetic (EM) signals towards a point of interest and receives the reflected EM waves 

to determine the basic properties (like range, direction, and doppler shift i.e. speed/velocity) of a 

target. The amplitude of the received signal measured by the radar depends on the nature of the 

targets (shape, size and composition). The amplitude of the received signal will be high if the 

target is a hard target (e.g. aircraft, ship, spacecraft, and guided missile) and will be low if the 

target is a soft target (e.g. rain, fog, electrons). Doppler radars are also capable of measuring the 

Doppler shift in frequency of the received power, which determines the velocity of the target. If 

the target is moving away from the radar, the frequency of the received echo will be less than the 

frequency of the transmitter and vice versa. In the case of incoherent-scatter radar the target is a 

collection of a vast number of ionospheric electrons filling the radar beam. The electric field 

component of the incident-wave puts the free electrons into oscillatory motion. The oscillating 

electrons act like Hertzian dipoles re-radiating the electromagnetic waves very weakly [J.J 

Thomson, 1906]. The scattering cross-section of a single electron is given by 

 

 𝜎𝑒 = 4𝜋𝑟𝑒2 sin2 ∅ ≈ 10−28 𝑚2                                                                                     (2.1) 
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where  𝜎𝑒= Radar cross section of a single free electron 

𝑟𝑒  = Classical electron radius of the earth = 2.8 ∗ 10−15𝑚  

∅ = Angle between the incident electric field and observer = 𝜋
2

 (for backscatter). 

 This scattering cross-section is appropriate for cases where the radar wavelength is 

significantly less than the plasma Debye length (which is not normally applicable in the 

ionosphere for radars used in our research). The scattering process is usually termed “Thomson 

Scatter”. For cases where the radar wavelength is greater than the plasma Debye length the 

scattering is termed “Collective Thompson Scatter” or “Incoherent Scatter” and the scattering 

cross-section is one half the Thompson cross-section. 

All the electrons present in the finite volume of the radar beam illuminated by the 

incident wave have statistically independent, random thermal motions and scatter signals with 

phases that are unrelated to each other. Thus, the received signal will simply be equal to the sum 

of the reflected power (rather than voltages) of each electron in the radar field of view, and the 

average radar cross-section will be equal to the product of electron density (Ne) and the cross-

section of the electron. The average cross-section of the unit volume is given by 

 

𝜎𝑎𝑣𝑔 = Ne ∗  𝜎𝑒                                                                                                              (2.2) 

 

where Ne = Electron density (varies with range) 

𝜎𝑎𝑣𝑔=Average scattering cross-section per unit volume 

𝜎𝑒= Scattering cross-section/ Thompson cross-section of a single electron. 

However, the ionospheric plasma contains both electrons and ions that are accelerated by 

the incident electric field. Since the mass of electrons is less than the ions, electrons are 

accelerated more than ions and thus the scattering is effectively from the electrons. Since ions 

and electrons are electrostatically coupled to each other, electron-ion collective effects must be 

included in determining the incoherent radar cross-section. Two main approaches for calculating 

the scattering characteristics of plasma are  

a) The dielectrically screened (“Dressed”) test particle approach [Fejer, 1960a, 1960b; 

Hagfors, 1961;Rosenbluth and Rostoker, 1960,1962 ; Bekefi, 1966,etc] 
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b) The plasma wave approach [Dougherty and Farley, 1960, 1963; Farley et al., 1961; 

Farley, 1966; Swartz and Farley,1979; and references therein] 

The dressed-test particle approach is a microscopic approach based on the application of 

plasma kinetic theory. The scattering characteristics of plasma are calculated by placing a 

charged particle in plasma and by considering the collective efforts of all the plasma particles. 

Comparing the radar wavelength to Debye length, the scattering is considered to be either from 

individual electrons (Thompson Scatter) or due to the collective efforts of plasma (Incoherent 

Scatter) where electron clouds around the ion screen the electric fields. Debye length or shielding 

distance 𝜆𝐷 is a measure of plasma’s ability to shield out electric potentials that are applied to it. 

The Debye length 𝜆𝐷 , or thickness of sheath (thickness of the electron cloud around the positively 

charged ions), is given by 

 

 𝜆𝐷 = �𝜀0𝐾𝐵𝑇𝑒
Ne𝑞𝑒2

�
1/2

= 69 �𝑇𝑒
Ne
�
1
2 𝑚                                                                                   (2.3) 

 

where 𝜆𝐷    = Debye length or shielding distance in meters 

     Ne  = Electron density in m-3 

     𝜀0 = Permittivity of the free space ≈ 8.85 ∗ 10−12 F ∙ m−1 

      𝑇𝑒 = Electron Temperature in K 

      𝐾𝐵 = Boltzmann constant ≈ 1.38 ∗ 10−23 JK−1 

      𝑞𝑒 = Charge of an electron ≈ 1.6 ∗ 10−19 Coulombs. 

At 100 km of altitude, substituting typical values of electron density (Ne ~ 109 m-3) and 

electron temperature (Te ~ 300 k) in the above equation gives a Debye length of 4 cm. Similarly, 

the Debye length has approximate values of 0.22 cm at 300 km of altitude (the approximate 

height of F-region peak) and 10cm at 1000 km of altitude.  

When the radar wavelength is smaller than the Debye length, no shielding is offered by 

the ions and Thompson scattering from individual electrons is applicable. When the radar 

wavelength is longer than the Debye length, ion shielding and collective behavior of plasma has 

to be taken into account. For this latter case the wavelength of the radar probing the ionosphere 

will be much larger than that of the Debye length, so scattering from the individual electrons can 
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no longer be considered. The scattering coefficient per unit volume [Fejer, 1960a, 1960b] based 

on the dressed-test particle approach is given by   

 

 𝜎𝑎𝑣𝑔 = 𝑁𝑒 ∙ 𝜎𝑒 ∙ �
[4𝜋𝜆𝐷sin ∅/2]2+𝜆𝑅

2

[4𝜋𝜆𝐷sin ∅/2]2+2𝜆𝑅
2�                                                                            (2.4) 

 

where 𝜎𝑎𝑣𝑔 = Average scattering cross-section per unit volume 

        𝜆𝑅   = Wavelength of the radar 

      ∅   = Scattering angle. 

When 𝜆𝑅 is smaller than the Debye length, the above equation reduces to the value as predicted 

by Gordon   

 

 𝜎𝑎𝑣𝑔 = 𝑁𝑒 ∙ 𝜎𝑒.                                                                                                              (2.5) 

 

When 𝜆𝑅 is larger than the Debye length, the reflected power will be half of the value as 

predicted by Gordon and the scattering coefficient per unit volume is given by 

 

 𝜎𝑎𝑣𝑔 = 1
2
∙ 𝑁𝑒 ∙ 𝜎𝑒 .                                                                                                         (2.6) 

 

The factor of ½ arises because the cross-section per electron for incoherent-scatter is one 

half the cross-sections for the Thomson scatter 𝜎𝑒. The plasma-wave approach is a macroscopic 

approach based on the Nyquist noise or fluctuation-dissipation theorem [Dougherty and Farley, 

1960, 1963]. In this approach, the scattering due to fluctuations in the refractive index is 

considered in contrast to the dressed-test particle approach where the scattering from individual 

particles is considered. The fluctuations in the refractive index are proportional to the residual 

thermal fluctuations of the electron density. Using the analytical method of integration employed 

by Daugherty and Farley (1960), Buneman (1962) provided a good approximation to the 

scattering cross-section which is given by  

 

 𝜎 = 𝜎𝑒 �
𝐾2λ𝐷

2
 

1+𝐾2λ𝐷
2

 
+ 1

�1+𝐾2λ𝐷
2

 ��1+𝐾
2λ𝐷

2
 +𝑇𝑟�

�                                                                     (2.7) 
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where 𝜎  = effective radar scattering cross-section 

           𝜎𝑒 = Scattering cross-section of an electron (Thompson Scatter) 

           𝐾  = Radar wave number = 4𝜋/𝜆𝑅 

          𝑇𝑟 = 𝑇𝑒/𝑇𝑖 = Ratio of electron temperature to ion temperature. 

The two terms in the above equation refer to the “plasma-line” and “ion-line” portions of 

the incoherent-scatter spectra, respectively. Plasma-line returns correspond to the “high-doppler 

shifted frequency” terms of the ISR spectrum and arise due to the signal scattered from the high 

frequency electron waves or Langmuir waves. The upshifted and downshifted plasma lines are 

due to Langmuir waves travelling towards and away from the radar. Ion-line returns correspond 

to the “low-doppler shifted frequency” terms of the ISR spectrum and arise due to the signal 

scattered from ion acoustic waves. The upshifted and downshifted ion lines are due to the ion 

acoustic waves travelling towards and away from the radar. 

Thermally generated ion lines are attenuated by a process called Landau damping, which 

results in the broadening of the spectral lines. The broadening of the spectral lines of ion-acoustic 

waves is sufficient to make them merge into a single, double-humped spectrum. The degree of 

damping is strongly affected by the ratio of electron to ion temperatures. Ion lines are spectrally 

compact and typically spread over a few kilohertz to a few tens of kilohertz around the 

transmitter frequency. Figure 2.1 shows the incoherent scatter spectra with Landau-damped ion-

acoustic lines and plasma-lines. It can be clearly seen that the two spectral ranges are well 

separated because of the variation in the mass of ions and electrons.  

Both the theories, i.e. the dressed-test particle approach and the plasma wave approach, 

have been shown to attain approximately the same results [Evans, 1969]. Most of the theoretical 

results along with experimental techniques and results involving ionospheric studies were 

reviewed by Evans (1969), Farley (1971), Brekke (1977) and Nygren (1996). Power 

corresponding to the plasma-line is very weak and difficult to detect, therefore it is often 

neglected while making routine ISR measurements. The plasma-line of the power spectrum, i.e. 

electronic component, is not discussed here.  
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Figure 2.1: Typical power spectrum of the signal received as a function of frequency showing both 
upshifted and downshifted ion-lines and plasma-lines. 

The shape of the ion-line in the ISR spectrum depends on various plasma parameters, such as 

ion and electron temperature, ion composition, ion-neutral collision frequency and ion-drift 

velocity. The spectral shape can, for example, be calculated by using expressions from the 

theoretical developments of Dougherty and Farley (1960, 1963). The theoretical approach is not 

discussed here; however a qualitative approach of how these plasma parameters affect the 

spectrum shape is discussed next. The width of the ion-line spectrum is proportional to the ratio 

of ion temperature (𝑇𝑖) to ion mass (𝑚𝑖 ). Figure 2.2 shows the broadening of ion-line spectrum 

with increasing ion temperature. Figure 2.3 indicates that the width of the spectrum gets 

narrower as the ion mass increases. The electron to ion temperature ratio (𝑇𝑟 = 𝑇𝑒/𝑇𝑖) affects 

the “peak-to-valley” ratio. Figure 2.4 shows the deepening of the central minimum with an 

increase in electron temperature. As the electron temperature increases above the ion 

temperature, the Landau-damping decreases and the two ion lines separate. The overall shift of 

the incoherent-scatter spectrum from the zero-center frequency gives the measure of bulk plasma 

velocity. Figure 2.5 shows the variation of the incoherent-scatter spectrum for different Doppler 

shifts. Ion-neutral collision frequency also affects the shape of incoherent-scatter spectrum; high 

ion-neutral collision frequency results in a narrower spectrum and as the ion-neutral collision 

frequency reduces, the spectral width increases as shown in the figure 2.6. The electron density is 

proportional to the area under the spectrum. All the plasma parameters can be calculated using 

either the power spectrum or autocorrelation function as they form a Fourier transform pair. 

Ion-lines Plasma-lines 
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Figure 2.7 provides an overall picture of the effect of various plasma parameters on the spectrum 

shape. 

 
Figure 2.2: Dependence of the shape of the ISR ion-line spectrum and autocorrelation function on ion 
temperatures (𝑻𝒊). [Courtesy of C.J. Heinselman] 

Parameters 
Freq: 449 MHz 
Ne: 1012 m-3 

Te: 2*Ti 
Comp: 100% O+ 
𝑣𝑖𝑛: 10-6 KHz 
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Figure 2.3: Dependence of the shape of the ISR ion-line spectrum and autocorrelation function on ion 
mass (𝒎𝒊). [Courtesy of C.J. Heinselman] 

 
 

Parameters 
Freq: 449 MHz 
Ne: 1012 m-3 

Ti: 1500 K 
Te: 3000 K 
𝑣𝑖𝑛: 10-6 KHz 
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Figure 2.4: Dependence of the shape of the ISR ion-line spectrum and autocorrelation function on 
electron to ion temperature ratio (𝑻𝒓). [Courtesy of C.J. Heinselman] 

 

Parameters 
Freq: 449 MHz 
Ne: 1012 m-3 

Ti: 1000 K 
Comp: 100% O+ 
𝑣𝑖𝑛: 10-6 KHz 
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Figure 2.5: Dependence of the shape of the ISR ion-line spectrum and autocorrelation function on 
Doppler shift. [Courtesy of C.J. Heinselman] 

 
 

Parameters 
Freq: 449 MHz 
Ne: 1012 m-3 

Te: 2000 K 
Ti: 1000 K 
Comp: 100% O+ 
𝑣𝑖𝑛: 10-6 KHz 
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Figure 2.6: Dependence of the shape of the ISR ion-line spectrum and autocorrelation function on ion-
neutral collision frequency. [Courtesy of C.J. Heinselman]  

 

Parameters 
Freq: 449 MHz 
Ne: 1012 m-3 

Te: 500 K 
Ti: 500 K 
Comp: 100% NO+ 
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Figure 2.7: Overall picture of the power spectrum dependence on various plasma parameters. 

2.2. Determination of Electron Density 

In monostatic radar, pulses are transmitted (possibly with a certain modulation) for a brief 

period of time and the scattered pulses reflected from the scattering volume are received during a 

subsequent reception period. Power captured by the receiving antenna when a pulse of duration 

𝜏𝑝 is transmitted with peak power 𝑃𝑡 is given by the incoherent scatter radar equation [Evans, 

1969] and can be written as  

 

 𝑃𝑟(𝑟) = 0.76𝐿𝑐𝐴𝑒
8𝜋

𝑃𝑇𝜏𝑝 𝜎𝑎𝑣𝑔
𝑟2

= 0.38𝐿𝑐𝐴𝑒
4𝜋

𝑃𝑇𝜏𝑝 𝜎 𝑁𝑒(𝑟)

𝑟2
                                                            (2.8) 

 

where 𝑃𝑇   = Peak transmitter power in MW 

          𝑃𝑟 = Power received from a scattering volume at a range 𝑟 

    𝐴𝑒 = Antenna’s effective aperture in m2 

    𝑐   = Speed of light ≈  3*108 m/s 

          𝐿  = Transmission system loss 

         𝜏𝑝 = Pulse width 

        𝑁𝑒 = Electron density at a given range 𝑟 

    𝜎  = per-ion scattering cross-section calculated from plasma theory. 

𝑓𝑑(𝑣𝑖) 

𝑇𝑖/𝑚𝑖 

𝑇𝑒/𝑇𝑖 
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Neglecting the plasma-line signals, a simple approximation for per-ion scattering cross- section 

from plasma theory can be written as  

 

𝜎 = 𝜎𝑒 �
1

(1+𝛼2)(1+𝛼2+𝑇𝑟)�                                                                                                (2.9) 

 

where 𝛼 = 𝐾𝜆𝐷 = 4𝜋𝜆𝐷/𝜆𝑅. 

Power received from the ion-line is given as 

 

  𝑃𝑟(𝑟) =  0.38𝐿𝑐𝐴𝑒𝜎𝑒
4𝜋

𝑃𝑇𝜏𝑝
𝑟2

𝑁𝑒(𝑟)
(1+𝛼2)(1+𝛼2+𝑇𝑟) 

 

           = 1
𝐶𝑠

𝑃𝑇𝜏𝑝
𝑟2

𝑁𝑒(𝑟)
(1+𝛼2)(1+𝛼2+𝑇𝑟)                                                                                    (2.10) 

 

where 𝐶𝑠 = 4𝜋
0.38𝐿𝑐𝐴𝑒𝜎𝑒

 is a system constant and can be calculated by substituting the radar system 

parameters, in practice it is often more easily calculated by comparing the ion-line power 

measurements with peak density estimated using plasma-line measurements [Heinselman, 1999]. 

The electron density can be estimated from the received power and can be written as  

 

 𝑁𝑒(𝑟) = (𝐶𝑠) � 1
𝑃𝑇𝜏𝑝

� �𝑟2𝑃𝑟(𝑟)�[(1 + 𝛼2)(1 + 𝛼2 + 𝑇𝑟)].                                        (2.11) 

 

The received signal is usually no more than a few times larger than the noise level. 

Therefore, a careful measurement of received power is required. A calibrated pulse with known 

amplitude is injected during a time when no ionospheric signal is present, and receiver noise is 

also estimated in order to account for gain and noise power changes. All the measurements are 

time-averaged in order to get good estimations. The received power at a range R can be 

determined by the following equation  

 

 𝑃𝑟(𝑟) = 𝐾𝐵𝑇𝑐𝑎𝑙𝐵
𝑆𝑐−𝑆𝑛

 �𝑆𝑟(𝑟) − 𝑆𝑛� 

 

where 𝑆𝑟�   = Time averaged measured power at a range 𝑟  
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           𝐾𝐵  = Boltzmann constant 

            𝑇𝑐𝑎𝑙 = Noise pulse temperature injected by the calibrated pulse  

        𝐵  = Receiver bandwidth 

       𝑆𝑐 = Time averaged calibrated power 

      𝑆𝑛 = Time averaged Noise Power. 

An initial estimate of electron density, known as raw electron density, without accounting for the 

effects of 𝑇𝑟 and α is often calculated with an assumption that the radar wavelength is much 

greater than the Debye length, i.e. 𝛼 → 0 , electron-to-ion temperature ratio 𝑇𝑟 ≈ 1 using a 

relation 

 

𝑁𝑒′(𝑟) = 2𝐶𝑠
𝑃𝑇𝜏𝑝

𝑟2𝑃𝑟(𝑟). 

 

Here 𝑁𝑒 ′ is the raw electron density at a particular range that is determined without 

temperature corrections. Figure 2.8 shows the plot of received power and raw electron density 

measured using PFISR with a transmitter peak power of 1.72 MW, a long pulse with pulse width 

of 480 µs and an integration of 2 mins (around 5000 pulses). 

After calculating the raw electron density, the value is corrected using the electron-to-ion 

temperature ratio 𝑇𝑟, which is calculated by fitting the measured spectrum to the theoretical 

spectrum. When the electron temperature is considerably larger compared to the ion temperature, 

the raw Ne underestimates the true density. Electron temperature rarely becomes larger than ion 

temperature in the high-latitude and the polar region. For densities of order ~3*1011 m-3, the 

difference between the raw 𝑁𝑒 and fitted 𝑁𝑒 is approximately equal to uncertainty of the fitted 

𝑁𝑒 [Pedersen et al., 1998]. This thesis therefore uses raw Ne measurements to study electron 

density irregularities in high-latitude region. The method of calculating electron temperature 𝑇𝑒 

and ion temperature 𝑇𝑖 is beyond the scope of this thesis and will not be discussed here. 
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Figure 2.8: The left panel shows received power as a function of altitude using an integration of 5000 
samples and the right panel shows the electron density (without temperature corrections) plot as a 
function of altitude calculated after range corrections. 

2.3. Basic Experiment Design and Estimation of Line-of-sight Velocity 

The signal received from a certain altitude is temporally correlated over a short period of 

time and is totally independent of the signal received after that time and from other non-

overlapping regions. Therefore, plasma parameters are to be estimated accurately with good 

range resolution and time resolution. Over the past few decades, various modulation patterns 

were proposed by several researchers to increase the performance of the radar and to meet 

resolution requirements for different purposes. Various modulation schemes like Long Pulse, 

Multipulse [Farley, 1972; Hagen and Farley, 1973; Rino et al., 1974], Pulse compression codes 

like Barker codes [Ioannidis and Farley, 1972; Gray and Farley, 1973; Zamlutti, 1980; 

Huuskonen et al., 1988; Huuskonen and Turunen, 1990], Coded long pulse techniques using 

Raw Electron density 𝑁𝑒′(𝑚−3) Power Received Pr 
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random codes [Sulzer, 1986] and Alternating codes [Lehtinen, 1986; Lehtinen and Häggström, 

1987; Sulzer, 1989, 1993; Lehtinen and Huuskonen, 1996; Nygren and Markkanen, 1997] have 

been used to attain improved range resolution that can be used for specific purposes. Vast 

literature about these modulation schemes is available in the above mentioned references and 

various other standard textbooks and is not discussed here. 

This thesis uses a basic radar pulse scheme often employed in incoherent-scatter 

measurements i.e. the simple, unmodulated long-pulse. The long-pulse technique is a method 

widely used to study the F region, and for our data, has a pulse width on the order of 400-500 

micro-seconds, which provides a spatial resolution of 60-75 kilometers. Since the scattering 

volume is very high, this technique provides a very good signal-to-noise ratio. The drawback of 

the long-pulse technique is that it heavily filters out the spatial details of the target due to its poor 

range resolution. 

The signal received has a band-limited spectrum centered on transmitter frequency which 

is shifted to lie around zero frequency by complex mixing. After passing through various stages 

of amplifiers and filters, the signal is digitized by using an analog-to-digital converter and is 

either sent to the correlator for calculating the autocorrelation function or the spectrum is 

computed directly from complex samples. The signal arriving at the antenna from a certain 

altitude does not represent the point values of plasma parameters at that altitude; rather, it is a 

sum of signals from different ranges and times. The signal is also deformed by the receiver-

impulse response which is equivalent to calculating a weighted average over time as determined 

by the impulse response of the receiver. Therefore, the signal is a weighted sum of the signals 

from different ranges and lags. The functions describing the weights in the sum are known as 

ambiguity functions. The theory of two dimensional ambiguity functions is discussed in detail by 

Lehtinen (1986) and Nygren (1996). 

For the PFISR long-pulse mode, a pulse width of 480 µs is used and is sampled every 30 

µs at the receiver. Figure 2.9 shows the two-dimensional ambiguity function, including the filter 

effects. It can be clearly observed that the zero-lag contains data from a broad altitude range that 

is equivalent to the pulse-width, whereas longer lags contain data from a narrower altitude range. 

Shorter lags are more heavily weighted in the autocorrelation function than the longer lags. 

Therefore, different lags have different range ambiguity functions, which have to be taken into 

account while calculating the autocorrelation. The correlator collects the data from the A/D 



 

32 
 

converter and calculates the lagged products and integrates them for a specified number of 

transmissions. Averaged lagged products are organized into a matrix called a lag profile matrix. 

In order to increase the accuracy of the autocorrelation function, two or more neighboring 

elements from a lag profile are added to make a single-lag estimate by a method called gating. 

Gating of lagged products reduces the statistical error of the measurement along with the range 

resolution. Various summation rules like the triangular-summation rule, the alternate-triangle-

summation rule and the trapezoidal-summation rule are used to estimate ACFs from lag-profile 

matrices. Summation rules and various other alternate ways to estimate ACFs are discussed in 

detail by Holt et al., (1992). 

 
Figure 2.9: Two dimensional ambiguity function of a long-pulse with a pulse width of 480 µs sampled at 
rate of 30 µs including filter effects. 

Once the ACFs are estimated for various range separations and lags, various plasma 

parameters can be estimated by using either power spectrum or the autocorrelation function. 

Incoherent scatter data analysis is an inverse problem where the parameters are predicted from 

the model and the data. The measured spectrum is noisy and the data is fitted to the model by 

using different fitting algorithms. Figure 2.10 shows the measured autocorrelation function and 



 

33 
 

power spectrum along with the fitted data at various ranges along the direction of the magnetic 

field line for PFISR. 

 
Figure 2.10: Measured autocorrelation function and power spectrum as a function of altitude along with 
fitted data for the beam direction along the field line using long-pulse data [Courtesy of M.J. Nicolls]. 
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2.4. Determination of Ion Vector Velocities 

The full velocity field (i.e. the three orthogonal components of plasma velocity vector) 

required to give a complete description of ion motion is derived using the line-of-sight ion 

velocities. Earlier, measurements of the drift velocity component approximately along the 

direction of the magnetic field line from Saint Santin, France were first reported by Carru et al., 

(1967a, 1967b) and Vasseur (1969). Measurements of vertical drift velocity were also found by 

using Jicamarca radar [Woodman and Hagfors, 1969] and Millstone Hill radar [Evans et al., 

1970].  In order to estimate three independent components (North-South, East-West and Parallel 

components) of plasma velocity, the radar has to measure the line-of-sight velocity from three 

different beams pointing simultaneously at the same volume. A new radar system with three 

stations (one station capable of acting as both transmitter and receiver and the other two stations 

acting as receivers) arranged approximately at the corners of an isosceles triangle directed at the 

same volume for measuring plasma vector velocities was proposed by Evans (1972). Multistatic 

radar with a transmitter at Malvern and three receiving stations at Aberystwyth, Wardle and 

Chilbolton was used to measure three-dimensional plasma velocities [Taylor, 1974].  

The EISCAT (European Incoherent Scatter Scientific Association) UHF system with 

three incoherent scatter radar stations at Tromsø (Norway), Sodankylä (Finland) and 

Kiruna(Sweden) can be operated either in monostatic mode or multistatic mode to estimate 

plasma velocities [Williams et al., 1984; Schlegel and Moorcroft, 1989]. A monostatic 

instrument with fully steerable antenna can also be used to determine plasma velocities. In the 

case of monostatic radar, line-of-sight velocities are measured from three or more different 

directions by steering the radar mechanically in different azimuths and elevations. This method is 

employed at Arecibo [Behnke, 1971; Harper, 1971; Hagfors and Behnke, 1974; Sulzer et al., 

2005], Millstone Hill [Evans, 1972; Wand and Evans, 1981] and Chatanika incoherent scatter 

radars [Doupnik et al., 1972; de la Beaujardiére et al., 1977]. 

With the 23-cm wavelength incoherent scatter facility at Chatanika (Alaska), Doupnik et 

al. (1972) were able to measure vector velocities with a time resolution of 30 minutes and with a 

spatial resolution of 57 km by steering the antenna in three different azimuths spaced at 120o
 

apart. Assuming plane-earth geometry, Hagfors and Behnke (1974) were able to provide the 

velocity information with a time resolution of 20 min and with a spatial resolution of 120 km. 

Plasma velocity was measured with a resolution of 10-30 min’s assuming that the velocity was 

http://en.wikipedia.org/wiki/Sodankyl%C3%A4�
http://en.wikipedia.org/wiki/Finland�
http://en.wikipedia.org/wiki/Kiruna�
http://en.wikipedia.org/wiki/Sweden�
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constant over periods of tens of minutes and over a distance of hundreds of kilometers. This 

method of resolving three components of ionospheric vector velocities with a time resolution of 

10-30 min and a range resolution of 50-150 km from the line-of-sight velocities measured at 

different scattering volumes and at different times with an inherent assumption of time and 

spatial stationarity over the scan is apt for low and middle latitude regions where ionospheric 

conditions are quiet. This method is not always adequate at high-latitude regions because of 

rapid changes in plasma velocity at the Harang discontinuity and at times of auroral substorms. 

Another drawback of the scanning systems is that they produce inconsistent velocity estimates 

when the velocity changes rapidly during the period of scan [Heinselman and Nicolls, 2008]. 

Mechanically-scanning systems are very slow and beam-positioning patterns are limited by 

antenna inertia and the inflexibility of the radar which reduces the time and spatial resolution of 

radar. 

The Advanced Modular Incoherent Scatter Radar (AMISR) is a new ISR that employs 

phased-array technology capable of measuring plasma parameters near simultaneously in 

multiple beam directions. Phased-array radar systems utilize an array of radiating elements 

which are fed with a radio frequency source through a phase-shifting network. Beams can be 

formed in any desired angle by controlling the phase of the signal fed to antenna element units. 

The phase of the radiating elements is controlled electronically and thus the beams can be steered 

without moving the radar mechanically. Phased-array technology provides the ability to change 

the beam direction with high directivity almost instantaneously and overcomes all the 

disadvantages of mechanical systems.  

An approach for estimating the vector velocities in the F region was reported by 

Heinselman and Nicolls (2008). By steering the beam on a pulse-to-pulse basis in multiple (at 

least three) beam directions and on integrating the received pulses over a period of time, various 

plasma parameters along with line-of-sight velocities are effectively measured simultaneously. 

Line of sight (LOS) velocities are resolved into vector drifts with an assumption of constant 

velocity over an integration period rather than the duration of the scan which is a major 

advantage over traditional ISRs. Heinselman and Nicolls (2008) estimated the LOS velocities 

from a fit to full incoherent- scatter autocorrelation function (using both real and imaginary 

parts). However, LOS velocities can also be measured by fitting a measured spectrum to the 
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theoretical spectrum or a fit to the phase angle. In the local geomagnetic coordinate system, any 

LOS velocity measurement i from any beam direction can be represented as  

 

  𝑣𝑙𝑜𝑠𝑖 = 𝑘𝑝𝑒𝑖 𝑣𝑝𝑒 + 𝑘𝑝𝑛𝑖 𝑣𝑝𝑛 + 𝑘𝑎𝑝𝑖 𝑣𝑎𝑝 = 𝐤 𝐕 

 

where 𝐕 = [𝑣𝑝𝑒 𝑣𝑝𝑛 𝑣𝑎𝑝]𝑇  is an unknown ion velocity vector with three components defined 

in a local geomagnetic coordinate system, the subscripts 𝑝𝑒,𝑝𝑛 refer to field-perpendicular east 

and north components respectively and 𝑎𝑝 refer to field-parallel component.  

Projection matrix   𝐤 =  [𝑘𝑝𝑒 𝑘𝑝𝑛 𝑘𝑎𝑝] is given by 

 

 𝐤 = �
 𝑘𝑝𝑒
𝑘𝑝𝑛
𝑘𝑝𝑧

�

𝑇

= �
𝑘𝑒 cos 𝛿 − 𝑘𝑛 sin 𝛿

𝑘𝑧 cos 𝐼 + sin 𝐼 (𝑘𝑛 cos 𝛿 + 𝑘𝑒 sin 𝛿)
𝑘𝑧 sin 𝐼 − cos 𝐼 (𝑘𝑛 cos 𝛿 + 𝑘𝑒 sin 𝛿)

�

𝑇

= �𝒌′ ∗ 𝑅𝑔𝑒𝑜→𝑔𝑚𝑎𝑔�
𝑇

. 

 

The radar centered vector 𝒌′ in the geographic coordinate system is defined as  

 

 𝒌′ = �
 𝑘𝑒
𝑘𝑛
𝑘𝑧
� = �

cos 𝜃 sin∅
cos 𝜃 sin∅

sin𝜃
� 

 

where the subscripts  𝑒,𝑛, 𝑧 refer to East, North and Up respectively and ∅,𝜃 refer to the azimuth 

and elevation angle of the radar beam direction, respectively. Rotation matrix 𝑅𝑔𝑒𝑜→𝑔𝑚𝑎𝑔 used 

for transforming of the velocity vector from the geographic coordinate system to the local 

geomagnetic coordinate system can be written as  

 

 𝑅𝑔𝑒𝑜→𝑔𝑚𝑎𝑔 = �
cos 𝛿 − sin 𝛿 0

sin 𝐼 sin 𝛿 cos 𝛿 sin 𝐼 cos 𝐼
− cos 𝐼 sin 𝛿 − cos 𝐼 cos 𝛿 sin 𝐼

� 

 

where 𝛿(~ 22o) and 𝐼(~77.5o) corresponds to the declination angle and dip (or inclination) angle 

respectively. 
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Heinselman and Nicolls (2008) used a Bayesian linear model to combine all samples 

within a particular magnetic-latitude bin to produce a single estimate with a full error covariance 

estimate. The Bayesian linear model for a particular measurement is the dot product of the 

projection matrix 𝐊𝑖 with a velocity vector 𝐯𝑖 plus an error associated with LOS velocity 

estimate and can be written as  

 

 𝑣𝑙𝑜𝑠𝑖 = 𝐊𝑖 ∙ 𝐯𝑖 + 𝑒𝑙𝑜𝑠𝑖 . 

 

Multiple measurements can be written as 

 

 

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡𝑣𝑙𝑜𝑠

1

𝑣𝑙𝑜𝑠2
∙
∙
∙

𝑣𝑙𝑜𝑠𝑘
∙
∙
∙

𝑣𝑙𝑜𝑠𝑛 ⎦
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

=

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡𝑘𝑝𝑒

1 𝑘𝑝𝑛1 𝑘𝑎𝑝1

𝑘𝑝𝑒2 𝑘𝑝𝑛2 𝑘𝑎𝑝2

𝑘𝑝𝑒3 𝑘𝑝𝑛3 𝑘𝑎𝑝3
∙
∙
∙

𝑘𝑝𝑒𝑘 𝑘𝑝𝑛𝑘 𝑘𝑎𝑝𝑘
∙
∙
∙

𝑘𝑝𝑒𝑛 𝑘𝑝𝑛𝑛 𝑘𝑎𝑝𝑛 ⎦
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

�
𝑣𝑝𝑒
𝑣𝑝𝑛
𝑣𝑎𝑝

� +

⎣
⎢
⎢
⎢
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⎢
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⎢
⎢
⎡𝑒𝑙𝑜𝑠
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∙
∙

𝑒𝑙𝑜𝑠𝑛 ⎦
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⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

 

 

                                      (Or) 

                𝐕𝑙𝑜𝑠 = 𝐴𝐯𝑖 + 𝐞𝑙𝑜𝑠. 

 

In order to estimate the velocity vector 𝐯𝑖 as a function of latitude, the above equation can 

be solved using a Bayesian estimator [Heinselman and Nicolls, 2008], which can be written as 

 

 𝐯�𝑖 = ∑𝑣𝐴𝑇(𝐴∑𝑣𝐴𝑇 + ∑𝑒)−1𝐯𝑙𝑜𝑠 

 

where 𝐯𝑖 is a Gaussian-random variable with zero mean and with a covariance of ∑𝑣 ,  ∑𝑣 is a 

prescribed prior covariance model for 𝐯, ∑𝑒 is an error covariance matrix. 

A 13-antenna beam-position mode is a common experimental configuration employed for 

electric field measurements using PFISR. Figure 2.11 shows the geometry plot of the elevation 
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and azimuth angle of the beams and the line plot of the range coverage (typically 0-800 km, 

which varies depending upon the elevation angle of the beam) of beam directions as a function of 

magnetic-latitude and magnetic-longitude [Nicolls and Heinselman, 2007]. Among the 13 

beams, one beam (# 12) is pointed along the magnetic field aligned direction of PFISR (Az = -

154.30  and El = 77.50), four beams (#9-11,13) are pointed along the poleward (i.e., directly 

towards north), four beams (#1-4)  are pointed along the westward (i.e., towards northwest) and 

the remaining four beams (#5-8) are pointed along the eastward (i.e., towards northeast). The 

transmission scheme consists of a long pulse (a pulse width of 480 µs corresponding to a range 

resolution of 72 km is sampled at receiver at a rate of 30µs) and an alternating code (with a range 

resolution of 4.5 km). This beam configuration provides the data with the largest magnetic 

latitude coverage and good temporal resolution. This beam configuration is best-suited for 

determining the F-region plasma drift velocity components and also for E- region measurements. 

The measured LOS velocities are integrated over a period of time, typically 1-3 min, and have a 

range resolution of 36 km (range resolution corresponding to half of a pulse width of a long-

pulse). Figure 2.12 and 2.13 shows LOS velocities and densities for a typical experiment from 13 

beam directions as a function of altitude with a time resolution of 1 min and a spatial resolution 

of 36 km measured using a long-pulse. Each panel on these figures corresponds to separate 

antenna pointing directions. Figure 2.14 shows the resolved velocities as a function of time and 

magnetic latitude with a time resolution of 1 min and a spatial resolution of 0.25o latitude. 
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Figure 2.11: Experimental configuration for THEMIS 13 beam position mode. The top panel shows the 
azimuth and elevation for all the beam directions and the bottom panel shows the geomagnetic latitude 
and longitude coverage of the beams. 
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Figure 2.12: Line-of-sight ion velocities as a function of time and altitude for 13 beam positions from the 
long-pulse measurements on 02 December 2012. 
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Figure 2.13: Electron density (with temperature corrections) as a function of time and altitude for 13 
beam positions from the long-pulse measurements on 02 December 2012.  
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Figure 2.14: Perpendicular east, perpendicular north and anti-parallel velocities along with error 
estimates as function of magnetic latitude and time from the long-pulse measurements on 02 December 
2012. 
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CHAPTER 3. EXPERIMENTAL APPROACH 

3.1. Introduction 

In the previous chapter the incoherent-scatter radar theory as well as the determination of 

electron density, and determination of ion velocity using the Advanced Modular Incoherent 

Scatter Radar at Poker Flat, Alaska was discussed. In this chapter the experimental approach and 

the technique used to measure the scale sizes of large-scale electron density irregularity 

structures is presented. This will be done by using Doppler measurements of the horizontal 

plasma velocity in conjunction with high time resolution measurements of the scattered power.  

SRI International, under a grant from the National Science foundation, developed 

AMISR with electronic beam steering and remote operation capabilities to study the upper 

atmosphere. AMISR consists of two separate radars [Poker Flat, Alaska (PFISR) and Resolute 

Bay, Canada (RISR-N and RISR-C)], with each face comprised of 128 panels over a 30 x 30 

meter roughly square surface. 

3.2. AMISR System Description 

A standard AMISR system consists of 128 AMISR panels with 4096 Transmit/Receive 

modules known as Antenna Element Units (AEUs). Each AEU consists of a 500 W solid state 

power amplifier (SSPA) to generate the transmitted RF signal, a crossed dipole antenna to 

convert the electric signals to circularly polarized radio waves, low level RF circuitry for phase 

control on transmit and receive, a low noise amplifier to amplify the signals captured by the 

antenna, a power supply, and digital control and communications electronics. Each AMISR 

panel consists of 32 AEUs controlled and monitored by a Panel Control Unit (PCU) which 

includes a programmable Linux based computer. The radar runs on a 400 Hz power which is 

generated by eight JetPower units in two Utility Distribution Unit (UDU) vans. The complete 

radar system is controlled from Operation and Control Center (OCC) which houses the data 

acquisition channels, general purpose computers and the source for the transmitted signal. The 

AMISR system can be operated over the internet without an onsite operator. Figure 3.1 shows 

the building blocks of an AMISR system. 
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Figure 3.1: Building blocks of an AMISR system. 

3.3. Description of Experiments 

The experiments were carried out using the Poker Flat Incoherent Scatter Radar (PFISR), 

located at Poker Flat Research Range near Fairbanks, Alaska, which has a geographic latitude 

65.199oN and longitude 147.47oW. Figure 3.2 shows the northward- looking Ultra High 

Frequency (UHF) phased array radar at Poker Flat. The face of the radar is tilted along the 

direction of magnetic meridian in such a way that its bore sight direction corresponds to an 

azimuth angle (east of north) of 15o and an elevation angle of 74o. This organization allows the 

radar to look up along the local magnetic field line as well as maximum possible downrange 

coverage to support rocket observations at Poker Flat Research Range. The radar operating 

frequency is approximately 450 MHz and operates at an output power of 2 MW with 10% 

maximum duty cycle. A recent upgrade of the number of panels from 96 to 128 increased the 

antenna aperture to approximately 715 m2 as well as the transmitted power which increased the 

SNR of the radar by approximately 80%. The beam width of the radar is about 1o x 1.15o and the 

magnetic dip angle varies from 75o to 85o in the F region, depending on the beam position. 
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PFISR can be pointed in any of the 473 preprogrammed look directions within the grating lobe 

limits. These beam configuration positions along with the grating lobe limits are shown in figure 

3.3a. The system gain is 43 dBi at the bore sight and it decreases proportionally to the cosine of 

the angle off bore sight. PFISR’s field of view at various altitudes is shown in figure 3.3b. High-

time resolution measurements can be taken in multiple beam directions by electronically steering 

the beam on a pulse-to-pulse basis by using the phased array technique. As the look directions 

increases time resolution decreases and vice versa.  

 

 
Figure 3.2: Northward looking UHF phased array radar at Poker Flat, near Fairbanks, Alaska. 
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Figure 3.3: (a) Possible PFISR beam directions with black star shaped grating lobe limits of the system. 
(b) Contours represent the PFISR’s field of view at 100, 200, 300 and 400 km altitude. 
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The first experiments were run in August of 2011 for a period of three hours around local 

midnight from 9-12 UT. In order to achieve high-time resolution measurements of electron 

density and ion velocity, the Poker Flat Incoherent Scatter Radar (PFISR) was set to run a mode 

consisting of four antenna beams (one vertical, one along the local magnetic field line i.e. 

towards north, and the other two beams were spread towards northeast and northwest) 

transmitting long pulses (480 µs corresponding to range resolution of 72 km) on two frequencies 

(449.6 MHz and 449.3 MHz) with a total output power of 1.72 MW. The return samples were 

collected every 30 µs (corresponding to a range resolution of 4.5 km) from an altitude of 100 to 

743 km. Samples of noise were taken at a far range when there are no return signals from the 

ionosphere, and samples from the injected calibrated pulse of known temperature were also 

measured. For the mode used here, the four antenna azimuth positions were 14.04o, -154.3o, 15o, 

103.29o with elevation angles of 90o, 77.5o, 74o, 74.99o respectively. Figure 3.4 shows the 

geometry plot of the azimuthal and elevation angle of the beams. This mode transmits ~36 long 

pulses per second in the vertical direction and 12 pulses per second in each of 3 other look 

directions. The vertical beam has higher time resolution than the other beams since every other 

pulse is transmitted in the vertical direction and is used to observe the electron density 

irregularities whereas the other beams were used to obtain the ion velocity information. The raw 

electron density data from the vertical beam has an average time resolution of 25 ms. In signal 

processing, multiple samples are integrated over a few seconds to get an integrated sample with a 

higher SNR than the individual samples. For this purpose the samples were integrated over ~ 3 

seconds (about 120 pulses in the case of a vertical beam), through which the raw electron density 

is calculated by using the equation  

 

 𝑁𝑒′(𝑟) = 2𝐶𝑠
𝑃𝑇𝜏𝑝

𝑟2 𝐾𝐵𝑇𝑐𝑎𝑙𝐵
𝑆𝑐−𝑆𝑛

 �𝑆𝑟(𝑟)− 𝑆𝑛� 

 

where  𝑆𝑟�  = Time averaged measured power at a range 𝑟  

            𝐾𝐵 = Boltzmann constant = 1.38 * 10-23 J/K 

             𝑇𝑐𝑎𝑙 = Noise pulse temperature injected by the calibrated pulse = 364 K  

            𝐵  = Receiver bandwidth  

            𝑆𝑐 = Time averaged calibrated power 
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            𝑆𝑛 = Time averaged Noise Power 

          PT = Peak Transmitted Power = 1.72 MW 

              𝜏𝑝 = Pulse width = 480 µs 

              𝑐𝑠 = Calibration constant = 1.668011e-19. 

 
 

Figure 3.5 shows the electron density plot as a function of time and altitude with no Te/Ti 

correction with an integration of 120 pulses (about 2 to 3 seconds). From the plot, it is clearly 

visible that there are density structures embedded in a noisy background. The little noise-like 

blips in the raw electron density plots are not significant enough to be treated as electron density 

structures as they are not spatially correlated. ISR signals themselves are noise-like as the phase 

information of the data is discarded by taking the magnitude of the data during the integration of 

pulses. Noise can be reduced by increasing the integration time from 2-3 seconds to 120-180 

seconds, but this is not desired here as it filters out the electron density structures associated with 

10-75 km scale sizes.  

Figure 3.4: Geometry plot of the azimuthal and elevation angle of the beams. 
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Figure 3.5: Electron density plot (Integration time of 2 seconds) from an altitude of 200-450 km with no 
Te/Ti correction as a function of altitude and time from the vertical beam [AZ: 14.04o, El: 90o] of PFISR. 

Without losing the important information in the data, noise or random fluctuations can be 

reduced by smoothing the data either by means of parametric regression or non-parametric 

regression. A prior knowledge of the regression equation that can fit the data well is required for 

the parametric regression analysis. Since the electron density observations cannot be 

parameterized in terms of a predetermined model, non-parametric regression is used to smooth 

the data. The most commonly used approaches for smoothing the data are running mean or 

moving average filter, stretched grid method, kernel smoother, Savitzky-Golay smoothing filter, 

local regression also known as ‘loess’ and ‘lowess’, Kolmogorov–Zurbenko filter, Natural 

Splines, Restricted Splines and B-Spline. Another classical approach to the problem introduced 

by Whittaker [1923] that has been used in this thesis is penalized least squares regression which 

estimates its parameters by minimizing the residual sum of squares (RSS) plus roughness penalty 

term (P) which is given by  

 

 𝐹(𝑦�) = 𝑅𝑆𝑆 + 𝑠 𝑃(𝑦�) = ‖𝑦� − 𝑦‖2 + 𝑠 ‖𝐷𝑦�‖2 
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where 𝑦 = signal 𝑦 with Gaussian noise (ε) with zero mean and unknown variance. 

              = 𝑦� +  𝜀  

           𝑦�  = smoothed signal 

           𝑠  = smoothing parameter 

     𝑅𝑆𝑆   = residual sum of squares 

         𝑃   = penalty term that reflects the roughness of the smooth data 

      ‖ ‖   = Euclidean norm 

        𝐷   = dividend difference matrix. 

For one-dimensional data array  𝐷 is defined by 

 

𝐷𝑖.𝑖−1 = 2
ℎ𝑖−1(ℎ𝑖−1+ℎ𝑖)

       𝐷𝑖.𝑖 = −2
ℎ𝑖−1ℎ𝑖

    𝐷𝑖−1.𝑖 = 2
ℎ𝑖(ℎ𝑖−1+ℎ𝑖)

            𝑓𝑜𝑟 2 < 𝑖 < 𝑛 − 1     

 

where n = number of elements in 𝑦�  

           ℎ𝑖 = step between 𝑦�𝑖 and 𝑦�𝑖+1. 

 Assuming the repeating border elements (𝑦0 = 𝑦1 𝑎𝑛𝑑 𝑦𝑛+1 = 𝑦𝑛) gives 

 

−𝐷1.1 = 𝐷1.2 = 1
ℎ12

          𝑎𝑛𝑑          𝐷𝑛.𝑛−1 = −𝐷𝑛.𝑛 = 1
ℎ𝑛−12 . 

 

Minimizing 𝐹(𝑦�) provides the smoothed data which is in the form of a linear system influenced 

by smoothing parameter s as given by 

 

𝑦� = 1
(𝐼𝑛+𝑠𝐷𝑇𝐷)  𝑦 = 𝐻(𝑠)𝑦                                                                                              (3.1) 

 

where 𝐻 = hot matrix = (𝐼𝑛 + 𝑠𝐷𝑇𝐷)−1 

            𝐼𝑛 = n x n identity matrix. 

A smoothing parameter should be chosen carefully in order to determine the best possible 

fit of the data without over- or under-smoothing the data. In the case of smoothing splines, 

Craven and Wahba [1978] introduced a method of generalized cross-validation (GCV) to 
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estimate the value of smoothing parameter s. Parameter s is chosen in such a way that it 

minimizes the GCV score, 

 

 𝑠 = 𝑎𝑟𝑔𝑚𝑖𝑛(𝐺𝐶𝑉) 𝑤𝑖𝑡ℎ 𝐺𝐶𝑉(𝑠) ≡
𝑅𝑆𝑆
𝑛

�1−𝑇𝑟(𝐻)
𝑛 �

2   

 

where 𝑇𝑟 = trace matrix and 𝑇𝑟(𝐻) can be calculated by using the equation below 

 

 𝑇𝑟(𝐻) = ∑ 1
1+𝑠𝜆𝑖

2 ,𝑛
𝑖=1  

           

when 𝜆𝑖2 = eigenvalues of  𝐷𝑇𝐷. 

Substituting 𝑇𝑟(𝐻) in the above equations we get 

 

𝐺𝐶𝑉(𝑠) = 𝑛∑ (𝑦�𝑖 − 𝑦𝑖)2𝑛
𝑖=1 /(𝑛 − ∑ (1 + 𝑠𝜆𝑖2)−1𝑛

𝑖=1 )2. 

 

During the minimization process of GCV score  𝑦�  is calculated at each step since the 

GCV score is a function of  𝑦�  increasing the computational complexity. As the amount of data 

increases solving eq 3.1, which is a linear system, is time consuming. Buckley [1994] introduced 

an algorithm based on discrete cosine transform that can reduce the computational complexity 

and time when the data is equally spaced or evenly gridded. For equally spaced data, matrix D 

can be written as simple difference matrix and Eigen decomposition of D yields  

 

 𝐷 = 𝑈𝛬𝑈−1 

 

where U = unitary matrix 

           Λ = diagonal matrix containing the Eigenvalues of D 

                = 𝑑𝑖𝑎𝑔(𝜆1⋯⋯𝜆𝑛) with 𝜆𝑖 = −2 + 2cos ((𝑖−1)𝜋
𝑛

). 

Substituting D in eq (3.1) leads to 

 

𝑦� = 𝑈(𝐼𝑛 + 𝑠𝛬2)−1𝑈𝑇𝑦 ≡ 𝑈𝛤𝑈𝑇𝑦 = 𝐼𝐷𝐶𝑇(𝛤 𝐷𝐶𝑇(𝑦))                                             (3.2) 
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where 𝑈𝑇 ,𝑈 = n-by-n type-2 DCT and inverse DCT matrices  

                 𝛤𝑖.𝑖 = [1 + 𝑠(2 − 2cos  �(𝑖−1)𝜋
𝑛

�
2

]−1 𝑓𝑜𝑟 𝑖 = 𝑗  

                      = 0 𝑓𝑜𝑟 𝑖 ≠ 𝑗. 

Substituting and solving the above equations provides a simplified GCV score which is given by 

  

𝐺𝐶𝑉(𝑠) =
𝑛∑ � 1

1+𝑠𝜆𝑖
2−1�

2
𝐷𝐶𝑇𝑖

2𝑛
𝑖=1 (𝑦)

�𝑛−∑ 1
1+𝑠𝜆𝑖

2
𝑛
𝑖=1 �

2 . 

 

The penalized least square approach based on the DCT does not require any matrix 

manipulations to determine a GCV score which reduces the computational complexity and time 

taken to smooth the data. DCT-based smoothing technique adapted to weighted data, missing 

values and two dimensional data was explained in detail by Garcia [2009]. Garcia also provided 

fully automated simplified Matlab code for smoothing of one-three dimensional data.  

This smoothing technique that carries out the amount of smoothing by minimizing the 

GCV score is applied to the two dimensional electron density data. The filtered density is as 

shown in figure 3.6. From this plot, we can clearly observe some large-scale electron density 

irregularity structures without any uncertainties due to noise measurements. The fractional 

change in TEC associated with these plasma structures varies from 0.01 TECU to a few TECU 

depending on the ionospheric conditions. Variations of about 0.23 TECU or more is a problem 

for interferometer applications and are difficult to correct in SAR imaging [Meyer, 2011].   
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Figure 3.6: Filtered Electron density plot (integration time of 2 seconds) from an altitude of 200-450 km 
with no Te/Ti correction as a function of altitude and time from the vertical beam [Az: 14.04o, El: 90o] of 
PFISR. 

3.4. Determination of Ionization Blob Scale Sizes  

As the objective of the thesis is to measure the scale sizes of F-region ionosphere plasma 

structures, the filtered electron density data from 200-450 km is integrated across the range bins 

to obtain a line plot every ~12 minutes as shown in figure 3.7. The horizontal extent of the 

electron density irregularity structures is equal to the wavelengths of integrated electron density 

time series data. In order to measure various local wavelengths on a crest-to-crest or trough-to-

trough basis, velocity information with which these structures are moving and the frequency 

content of the time series signal is required. These structures are thought to be moving with ExB 

drift velocity. Neutral winds might also play a role in the convection of blobs but as the 

incoherent-scatter radar measures the resultant ion velocity, this ion velocity information itself is 

sufficient to calculate the blob sizes.  
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Figure 3.7: Height Integrated Electron density Ne (Integrated over F region i.e., from 200-250 km) with 
no Te/Ti correction as a function of time from the vertical beam [Az: 140.040, El: 90o] of PFISR. 

Spectral density or power spectral density estimate of the time series signal characterizes 

the frequency content of the signal. Spectrum estimation can be done either by using parametric 

methods (covariance, modified covariance, Burg, and Music) or non- parametric methods 

(Periodogram, Correlogram, Modified periodogram, Welch’s method, Blackman-Tukey, and 

Lomb scargle periodogram). Parametric methods are based on parametric models (auto 

regressive (AR) models, moving average (MA) models and auto regressive – moving average 

(ARMA) models). In order to estimate power spectral density (PSD) by using parametric 

methods in a reliable way, an appropriate model that reflects the behavior of the system that 

generates the time series should be estimated first. Parametric methods cannot be used here as 

there is no prior information of the model that can reflect the F-region ionosphere electron 

density data. Non-parametric methods of spectrum estimation are based on the discrete Fourier 

transform. The periodogram of the sequence y (t), t=1….N is modulus-squared of the Fourier 

transform and is given by 

 



 

55 
 

∅�𝑝(𝜔) = 1
𝑁
�∑ 𝑦(𝑡)𝑒−𝑗𝑤𝑡𝑁

𝑡=1 �
2

= 1
𝑁

|𝑦(𝑤)|2. 

 

The periodogram can be rewritten as  

 

 ∅�𝑐(𝜔) = ∑ 𝑟̂𝑘𝑒−𝑗𝑤𝑘𝑁−1
𝑘=−𝑁+1  

 

where  

 

 𝑟̂ (𝑘) =  ∑ 𝑦(𝑡)𝑦∗𝑁
𝑡=𝑘+1 (𝑡 − 𝑘)                    0 ≤ 𝑘 ≤ 𝑁 − 1 

 

 𝑟� (𝑘) = estimate of the covariance 𝑟(𝑘) and 𝑟(𝑘) = 𝑟(−𝑘)  for real valued signals. 

This above form is referred to as a Correlogram. A spectral estimate is calculated by 

applying the Fourier transform to the autocorrelation sequence of the time series signal. Modified 

periodogram, Welch, and Bartlett methods are designed to reduce the variance of the basic 

periodogram. Statistical variability of spectrum estimation can be reduced by using a Blackman-

Tukey spectral estimate and is given by  

 

 ∅�𝐵𝑇(𝜔) = ∑ 𝑤(𝑘)𝑀−1
𝑘=−(𝑀−1)  𝑟̂ (𝑘) 𝑒−𝑗𝑤𝑘 

 

where M < N and w (k) is real sequence satisfying the following conditions 

 

 0 ≤ 𝑤(𝑘) ≤ 𝑤(0) = 1 

 𝑤(−𝑘) = 𝑤(𝑘) 

 𝑤(𝑘) = 0, |𝑘| > 𝑀. 

 

All windows have a dominant relative narrow peak (main lobe around w=0). Blackman 

Tukey is a locally weighted average of the periodogram. 

The integrated electron density data is detrended and the single sided amplitude spectral 

estimate (i.e. square root of power spectral estimate) of this time series data is estimated using 

Blackman-Tukey spectral estimate with a Kaiser Window and is as shown in figure 3.8. The 
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peaks of the spectrum correspond to the periodicities in the data through which the scale sizes 

can be determined. In order to investigate the sizes we have assumed that these peaks are 

associated with ionization blobs if their amplitude is double the level of background ionization. 

However, we have included a couple of case studies to demonstrate the difference in results for 

different density threshold values at the end of this chapter.  In the figure below there are ~8 

peaks, but only 4 of them have sufficient amplitude to be labeled as ionization blobs. 

 
Figure 3.8: Single sided amplitude spectrum of integrated and detrended electron density data for about 
12 minutes estimated using Blackman-Tukey spectral estimate (using Kaiser Window) a function of 
frequency. 

As explained in chapter 2, LOS velocities are measured from multiple look directions and 

are resolved into ion drift velocities as a function of time and magnetic latitude (from 66o-68o 

with 0.25o steps). As the beams used in our experiment design are less and have higher elevation 

angles, their latitudinal coverage is less, which results in noisy velocity measurements in higher 

latitudes (above 66.75o). The radar measured eastward ion velocity and northward ion velocity 

components as a function of time and magnetic latitude during the period of observation (for 

about 3 hours) are shown in Figure 3.9. From the figure it can be clearly seen that eastward ion 

velocities are noisy for latitude greater than magnetic latitude 66.75o. In the auroral zone during 
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night time, east-west ion velocity component is substantially greater than the north-south ion 

velocity component.  

 

 

Figure 3.9: (a) Eastward ion velocities and (b) Northward ion velocities from 9-12 UT on 30 August 
2011 as a function of time and magnetic latitude. 
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In order to determine the spatial size of ionization blobs, the electron density structures 

are assumed to be moving with a constant velocity for 12 minute periods. The average eastward 

ion velocity and northward ion velocity is calculated by taking an average of magnitude of ion 

velocities across the magnetic latitude bins 66o - 66.75o and across the time bins. The total ion 

velocity or the velocity with which the blobs are moving is the square root of sum of the squares 

of averaged eastward ion velocity and northward ion velocity. Using the peaks of the spectrum 

and the ion velocity information the horizontal structure of the blobs can be determined by using 

the formula   

 

             𝐻𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 𝑜𝑟 𝑤𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑏𝑙𝑜𝑏

= 𝑇𝑜𝑡𝑎𝑙 𝑖𝑜𝑛 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 ⁄ 𝑝𝑒𝑎𝑘𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑝𝑒𝑐𝑡𝑟𝑢𝑚.   

 
This process is repeated for the whole observation period and scales sizes are measured and 

plotted using a bar graph as shown in Figure 3.10. As significant amount of smoothing of 

electron density data is done, ionization blobs with scale sizes less than 10 km are not apparent 

and irregularity structures with more than 300 km scale are not considered blobs. For this reason 

we studied the ionization blobs with scale sizes ranging from 10-300 km which forms our 

experimental limit. 

The observations of blob scale sizes were made from 2011 to 2013 under varying 

conditions of geomagnetic activity. The Kp index quantifies the level of geomagnetic activity and 

is derived by calculating a weighted average of local K-indices from a global network of 

geomagnetic observatories. The Kp index scale has a range from 0 to 9 and is directly related to 

the maximum amount of fluctuation (relative to a quiet day) in the geomagnetic field.  

It is common to forecast the level of auroral activity (active, medium and quiet) based on 

the planetary magnetic index Kp. Quiet conditions, indicated by a Kp ≤ 1, have minimal auroral 

activity overhead of Poker Flat, Alaska as shown in Figure 3.11.  During quiet conditions, when 

the magnetic activity is low, the radar is located in a region of low plasma velocities (100-500 

m/s) well south of the auroral oval (essentially a mid-latitude type ionosphere). During moderate 

conditions (Kp = 2 or 3), auroral activity will be minimal overhead of Poker Flat, Alaska as 

shown in Figure 3.12. During moderate conditions, when the magnetic activity is moderate, the 

radar is located in a region of medium plasma velocities (300-600 m/s) in the vicinity of the 
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auroral oval. During disturbed or active conditions (Kp ≥ 4), auroral activity will be high 

overhead of Poker Flat, Alaska as shown in Figure 3.13.  

 
Figure 3.10: Bar graph of blob occurrence as a function of scale sizes on 30 August 2011. 

During disturbed conditions, when the magnetic activity is high, the radar is located in 

the region of strong auroral east-west plasma velocities. Though the Kp scale is a reasonable way 

to summarize the global level of geomagnetic activity, the disturbance of the local geomagnetic 

field may also be used as an indicator of local conditions. This thesis uses both Kp and Alaskan 

magnetometer data values to determine the level of geomagnetic activity. 

As mentioned earlier, in order to determine the sizes of blobs we have limited our study 

to the electron density enhancements that are at least double the background density. The 

variation in the distribution of ionization blob scale sizes for different density threshold values is 

discussed here. Figure 3.14 and 3.15 shows the distribution of ionization blob scale sizes 

determined using different threshold values (i.e., 25% above the background, 50 % above the 

background and double the background) during slightly active conditions and disturbed 

conditions respectively. In both cases the number of blobs with scale sizes ranging from 10-100 
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km tends to increase with the decrease in the level of threshold value as expected. Blobs with 

scale sizes ranging from 100-300 km are constant irrespective of the threshold value.  

 
Figure 3.11: Auroral activity during quiet conditions (Kp ≤ 1) over Alaska. 

 
Figure 3.12: Auroral activity during moderate conditions (2 ≤ Kp ≤ 3) over Alaska. 
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Figure 3.13: Auroral activity during disturbed conditions (Kp  ≥ 3) over Alaska. 

 
Figure 3.14: Distribution of ionization blob scale sizes for different density threshold values during 
slightly active conditions (Kp = 2). 
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Figure 3.15: Distribution of ionization blob scale sizes for different density threshold values during 
disturbed conditions (Kp = 5). 
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CHAPTER 4. OBSERVATIONS OF ELECTRON DENSITY IRREGULARITIES USING 

THE POKER FLAT INCOHERENT SCATTER RADAR 

4.1. Introduction 

Electron density irregularity observations using the high-resolution mode were carried 

out on fourteen different nights for three to four hour periods near magnetic midnight using the 

incoherent-scatter radar located at the Poker Flat Research Range, Alaska as shown in Table 4.1. 

Electron density irregularity structures with varying horizontal scale sizes are observed on all the 

nights. Several distinctive results, as indicated with shading in Table 4.1, are discussed in this 

chapter. The summary of the findings is discussed at the end of this chapter. 
 

Table 4.1: Operations carried out using Poker Flat Incoherent-scatter radar from Aug, 2011-Jan, 

2013. 

Date Start 
Time 
(UT) 

End Time 
(UT) 

      Description             Estimated 
            Planetary 
             kp index 

27 August 2011 09:05:58 12:05:23 Very quiet magnetic conditions 
at both Poker Flat and Ft 
Yukon. 

0 

28 August 2011 09:06:09 12:05:30 Slightly active conditions at the 
radar site with moderately 
active conditions at Ft Yukon.  

2 

29 August 2011 09:06:17 12:05:25 Active conditions at both Poker 
Flat and Ft Yukon  

4 

30 August 2011 09:06:44 12:05:40 Slightly active conditions at the 
radar site with moderately 
active conditions at Ft Yukon.  

2 

31 August 2011 09:06:34 12:05:37 Very quiet magnetic conditions 
at both Poker Flat and Ft 
Yukon. 

1 

09 March 2012 09:01:10 12:59:59 Very disturbed conditions at 
both Poker Flat and Ft Yukon. 

7 

25 March 2012 09:01:13 13:00:02 Slightly active conditions at 
both Poker Flat and Ft Yukon 

2 

26 March 2012 09:01:03 12:59:52 Slightly active conditions at the 
radar site with moderately 
active conditions at Ft Yukon. 

2 
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Table 4.1 continued:  

09 October 2012 07:01:14 09:59:54 Very disturbed conditions at 
both Poker Flat and Ft Yukon. 

5 

12 October 2012 07:01:00 10:00:10 Moderately active conditions at 
both the stations. 

3 

19 October 2012 07:00:58 09:59:53 Very quiet magnetic conditions 
at both Poker Flat and Ft 
Yukon.  

0 

03 November 2012 07:00:54 10:00:04 Bad data. 0 

04 November 2012 07:01:19 09:59:59 Very quiet magnetic conditions 
at both Poker Flat and Ft Yukon 
with slightly active conditions 
at Kaktovik [North of Poker 
Flat] 

1 

15 January 2013 07:01:03 09:59:58 Slightly active conditions at the 
radar site with moderately 
active conditions at Ft Yukon. 

2 

 

4.2. Results 

4.2.1. August 28th, 2011  

The first set of experiments was run in August 2011 from 09-12 UT to observe the scale 

sizes of electron density blobs during the midnight time sector. Figure 4.1 shows the 

magnetometer data from Poker Flat and Ft Yukon for 28 August 2011. Slight magnetic 

perturbations can be seen at Poker Flat with strong perturbations at Ft Yukon, which is present at 

a higher latitude north of Poker Flat. Magnetometer data from these stations suggest that there is 

an onset of westward current north of Ft Yukon at ~8:40 UT and ~10:00 UT. Observations from 

PFISR and Alaskan magnetometers from 09-12 UT on 28 August 2011 are incorporated and 

shown in Figure 4.2. Figure 4.2 shows H, D and Z components of the ground magnetic variations 

recorded by the magnetometers at Poker Flat and Ft Yukon (Figure 4.2a), electron density 

(Figure 4.2b), electron temperature (Figure 4.2c), eastward ion velocities (Figure 4.2d) and 

northward ion velocities (Figure 4.2e). Electron density and electron temperature from the 

vertical beam are shown with ~1 min time resolution while the ion velocity data here was 

processed at ~30 sec time resolution. Details for the figure 4.2 format are described in the 

caption. 
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Figure 4.1: Magnetometer data from Poker Flat and Ft Yukon on 28 August 2011. [Onset of westward 
current is noted from onset of the negative excursion of the magnetic H component and Z component 
indicates the location of the substorm current]. 

 
 
*Figure 4.2: (a) Magnetic perturbations of H (blue), Z (red) and D (magenta) components recorded by 

two Alaska magnetometers that are roughly at the same local time are shown as a function of universal 

time. The name and geomagnetic location of each magnetometer are shown to the left. (b-c) Electron 

density (corrected for Te/Ti or Debye length effects) and electron temperature measured by the vertical 

beam using the long pulse measurements of PFISR are shown as a function of altitude (from 180 km to 

450 km) and universal time. (d) Eastward velocity flows measured at mag. lat 66o, 66.5o and 67o by 

PFISR are shown as a function of magnitude and universal time. In Figure 4.2d, flows with eastward 

components are blue, and those with westward components are red. (e) Northward velocity flows 

measured at magnetic latitude 66o, 66.5o and 67o by PFISR are shown as a function of magnitude and 

universal time. In Figure 4.2e, flows with northward components are magenta, and those with southward 

components are green. Eastward and Northward plasma flows are plotted without removing any 

measurement uncertainties.  
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Figure 4.2: Magnetometer data and PFISR results for the night of 28 August 2011 from 09-12 UT. 
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As shown in Figure 4.2, the ionization profile from the vertical beam show electron 

density irregularity structures in the F-region throughout the observation period. Strong auroral 

ionization seen at around 180 km at ~10:00 UT is clearly related to the onset of westward 

currents that is evident by the negative excursion of the magnetic H component. Electron density 

and electron temperature observations from 9:00-11:00 UT show the presence of electron density 

structures roughly associated with an increase in electron temperature and suggest that these 

structures are formed locally due to soft particle precipitation [e.g. Kelley et al., 1982]. 

Structures observed during the remaining period of observation are not produced locally as there 

is no indication that electron temperature increases. This suggests that these structures are 

transported from the polar cap or high-latitude region [e.g. Robinson et al., 1985]. Due to the 

onset of westward current north of Ft Yukon at ~10 UT, the radar-measured eastward ion 

velocity component from magnetic latitude 66o-66.75o is directed eastward with an average 

velocity of ~343.3 m/s. Northward ion velocity data from magnetic latitude 66o-66.75o is 

directed southward with an average velocity of ~ 81 m/s indicating that the blobs are moving 

with an average total velocity of ~ 340 m/s. Ion velocity data from magnetic latitude 67o-68o has 

very high measurement uncertainty due to poor signal-to-noise ratio, therefore velocity 

information from these latitudes is not used in determining the scale sizes of blobs.  

Figure 4.3 shows the occurrence of ionization blobs as a function of scale size. These 

blob scale sizes are calculated using the approach explained in chapter 3. Electron density 

structures with scale sizes less than 10 km and more than 300 km are not taken into account as 

they are outside the experimental limits of our technique. From Figure 4.2 it can be clearly seen 

that the size distribution maximizes in the range of 10-50 km and 50-100 km scale sizes.   
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Figure 4.3: Bar graph of blob occurrence as a function of scale sizes on 28 August 2011. 

4.2.2. August 31st, 2011 

Figure 4.4 shows the observations from PFISR and Alaskan magnetometers from 09-12 

UT on 31 Aug 2011. As shown in Figure 4.4a, quiet magnetic conditions were observed at both 

the stations. Ionization profile data show the presence of density structures from 9:40-11:40 UT 

with no evidence of an increase in electron temperature that suggests these elongated 

enhancements are not formed locally and are likely convected horizontally into the radar field of 

view as the F-region ionosphere plasma has a long recombination lifetime. As the perturbations 

in the H component of the magnetic field show no sign of substorm activity, it is suggested that 

the auroral oval is located well poleward of the radar and that convection flows are very low. The 

radar measured eastward ion velocity component from magnetic latitude 66o-66.75o shows near 

zero east-west plasma flows with an average velocity of ~214 m/s. The northward ion velocity 

component from magnetic latitude 66o- 66.75o is directed southward with an average velocity of 

~42 m/s, indicating that the ionization blobs are moving with an average total velocity of ~220 

m/s.  
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Figure 4.4: Magnetometer data and PFISR results for the night of 31 August 2011 from 09-12 UT. 
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Figure 4.5 shows the occurrence of ionization blobs as a function of scale size. From this 

figure, it can be clearly seen that the size distribution of blobs maximizes in the range of 10-50 

km scale size. The lower level of occurrence of blobs with 50-300 km scale sizes is associated 

with short-term variations in eastward velocity component.  

 
Figure 4.5: graph of blob occurrence as a function of scale sizes on 31 August 2011. 

4.2.3. March 9th, 2012 

The second set of experiments was run in March 2012 from 9-13 UT to observe the scale 

sizes of blobs for about four hours around midnight. As shown in figure 4.6, very strong 

perturbations of H component are observed at both the stations, indicating the presence of 

intense substorm activity, which indicates a storm event. On this day the conditions are very 

disturbed before and during the period of study. 

Figure 4.7 shows the observations from PFISR and Alaskan magnetometers from 09-13 

UT on 09 March 2012. Elongated electron density enhancements associated with an increase in 

electron temperature are observed throughout the period of observation suggest that these 

structures are formed locally near the observation region. As the magnetic conditions are 
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disturbed, the plasma velocities are much higher and the eastward ion velocity component from 

magnetic latitude 66o-66.75o is directed eastward with an average velocity of ~773 m/s and 

northward ion velocity from magnetic latitude 66o-66.75o is directed southward with an average 

velocity of ~412 m/s, indicating that the blobs are moving southeast with an average total 

velocity of ~876 m/s. 

The distribution of blob occurrence as a function of scale size, as shown in Figure 4.8, 

indicates that the size distribution of ionization blobs maximizes in the range of 50-200 km scale 

sizes. 

 
Figure 4.6: Magnetometer data from Poker Flat and Ft Yukon on 09 March 2012. 
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Figure 4.7: Magnetometer data and PFISR results for the night of 09 March 2012 from 09-13 UT 
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Figure 4.8: Bar graph of blob occurrence as a function of scale sizes on 09 March 2012. 

4.2.4. March 25th, 2012 

As shown in Figure 4.9, slight magnetic variations of the H component are observed at 

both stations. During this night, there is an onset of westward current overhead of the radar site 

at ~10:40 UT. Figure 4.10 shows the observations from PFISR and Alaskan magnetometers from 

09-13 UT on 25 March 2012. Ionization profile and electron temperature clearly show the 

presence of locally-formed and horizontally- convected enhanced structures throughout the 

period of observation. From 9:00-9:30 UT, eastward ion velocity at magnetic latitude 66o- 66.75o 

is directed westward. There is an increase in magnitude of westward flow leading to near zero 

east-west plasma velocities for about 60-90 minutes during the growth phase prior to the onset of 

the substorm (i.e. ~10:40 UT). Just before substorm onset, the westward plasma flow changes to 

eastward flow (i.e. westward current). The average eastward plasma velocity during this period is 

~476 m/s where as the northward ion velocity from magnetic latitude 66o- 66.75o is directed 

southward with an average velocity of ~47 m/s, indicating that the blobs are moving with an 

average total velocity of ~479 m/s in the southwest direction.  
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Figure 4.11 shows the occurrence of blobs as a function of scale sizes. Electron density 

blobs with 50-150 km scale sizes are dominant during this night, as shown in this figure. 

 
Figure 4.9: Magnetometer data from Poker Flat and Ft Yukon on 25 March 2012. 
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Figure 4.10: Magnetometer data and PFISR results for the night of 25 March 2012 from 09-13 UT. 
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Figure 4.11: Bar graph of blob occurrence as a function of scale sizes on 25 March 2012. 

4.2.5. October 9th, 2012 

The third set of experiments was run from Oct 2012 to Jan 2013 from 7-10 UT to observe 

the enhanced electron density structures during the evening time sector. As shown in Figure 

4.12, intense variations of the H component are observed at both stations. On this night, there is 

an onset of two substorm events with a gap of two hours. The first hour of observation is 

associated with the recovery phase of the first substorm and there is another onset of a substorm 

just after the period of observation. Figure 4.13 shows the observations from PFISR and Alaskan 

magnetometers from 07-10 UT on 09 March 2012. Ionization profile and electron temperature 

plots show the structures with enhanced temperatures. Plasma flow is directed eastward during 

the first hour due to the onset of westward currents just before the period of observation, and 

during the remaining period the plasma flow is directed westward. The average magnitude of 

eastward plasma flow is ~640 m/s. Northward plasma flow is directed southward with an 

average velocity of ~275 m/s. Figure 4.14 clearly shows that ionization blobs with scale sizes 

ranging from 50-250 km are dominant during this night.  
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Figure 4.12: Magnetometer data from Poker Flat and Ft Yukon on 09 October 2012. 
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Figure 4.13: Magnetometer data and PFISR results for the night of 09 October 2012 from 07-10 UT.  
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Figure 4.14: graph of blob occurrence as a function of scale sizes on 09 October 2012. 

4.2.6. October 12th, 2012 

As shown in Figure 4.15, Slight perturbations of the H component can be observed at 

both stations. There is an onset of substorm activity at around 11 UT on this day, suggesting 

active conditions. Figure 4.16 shows the observations from PFISR and Alaskan magnetometers 

from 07-10 UT on 12 October 2012. Ionization profile and electron temperature data clearly 

show the presence of locally-formed and horizontally- convected enhanced structures throughout 

the period of observation. The eastward plasma flow is directed westward with an average 

velocity of ~800 m/s and northward plasma flow is directed mostly southward with an average 

velocity of ~80 m/s, indicating that the blobs are moving with an average velocity of ~805 m/s. 

Figure 4.17 clearly shows that the occurrence of ionization blobs with scale sizes ranging from 

50-200 km is high during this night. 
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Figure 4.15: Magnetometer data from Poker Flat and Ft Yukon on 12 October 2012. 
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Figure 4.16: Magnetometer data and PFISR results for the night of 12 October 2012 from 07-10 UT. 



 

82 
 

 

Figure 4.17: Bar graph of blob occurrence as a function of scale sizes on 12 October 2012. 

4.2.7. October 19th, 2012 

Figure 4.18 shows the observations from PFISR and Alaskan magnetometers from 07-10 

UT on 19 October 2012. As shown in Figure 4.18a, there is no indication of magnetic 

perturbations at either of the stations. From the ionization profile, it can be clearly seen that the 

electron density during this night is very low with some less intense structures during the first 

hour of observation. Since the electron density is very low, electron temperature measurements 

have measurement uncertainties; otherwise there is no variation in electron temperature. Near 

zero east-west plasma flow with an average velocity of ~383 m/s and southward plasma flow 

with an average velocity of ~51 m/s can be observed from magnetic latitude 66o-66.75o. Figure 

4.19 clearly shows that the occurrence of ionization blobs with scale sizes ranging from 10-50 

km is high during this night. 
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Figure 4.18: Magnetometer data and PFISR results for the night of 19 October 2012 from 07-10 UT. 
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Figure 4.19: Bar graph of blob occurrence as a function of scale sizes on 19 October 2012. 

4.2.8. November 4th, 2012 

Figure 4.20 shows the observations from PFISR and Alaskan magnetometers from 07-10 

UT on 4 November 2012. As shown in Figure 4.20a, there is no indication of magnetic 

perturbations at these stations during the period of observation. Ionization profile data show the 

presence of density structures from 8:30-10:00 UT with no corresponding increase in electron 

temperature; this suggests that the enhanced elongated structures are not formed locally and have 

convected horizontally into the radar field of view. Westward plasma flows with an average 

velocity of ~ 468 m/s and near zero north-south plasma flows with an average velocity of ~80m/s 

can be observed from magnetic latitude 66o-66.75o. Figure 4.21 clearly shows that the occurrence 

of blobs with scale sizes ranging from 10-50 km is high along with the occurrence of blobs with 

sizes from 50-150 km during this night.  
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Figure 4.20: Magnetometer and PFISR data for the night of 04 November 2012 from 07-10 UT.  
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Figure 4.21: Bar graph of blob occurrence as a function of scale sizes on 04 November 2012. 

The following is a summary of the data from the remaining nights for which the data is not 

shown.  

Aug. 27, 2011: Very quiet magnetic conditions are observed at both the stations. The ionization 

profile showed some small-scale structures during the period of observation. Near-zero east-west 

plasma flow with an average velocity of ~330 m/s and southward plasma flow with an average 

velocity of 59 m/s were observed from magnetic latitude 66o-66.75o. Ionization blobs with scale 

sizes 10-50 km are present during the period of observation as shown in figure 4.22a. 

 

Aug. 29, 2011: Active magnetic conditions are observed at both the stations. Electron density 

profile and electron temperature plots showed continuous structures of enhanced temperatures. 

The radar-measured eastward ion velocity component is directed eastward with an average 

velocity of 450 m/s and the northward ion velocity component is directed southward with an 

average velocity of 50 m/s. Ionization blobs with horizontal scale sizes of 50-200 km are 

dominant during this night as shown in figure 4.22(b). 
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Aug. 30, 2011: Slightly active conditions with an onset of westward current near overhead of Ft 

Yukon at ~11:30 UT were observed from the magnetometer data. Electron density and electron 

temperature profiles indicate the presence of non-locally formed continuous enhanced structures 

(i.e., convected structures). Westward plasma with an average velocity of 336 m/s and northward 

plasma flow with an average velocity of 54 m/s were observed. Ionization blobs with scale sizes 

10-150 km were observed during this night as shown in figure 4.22(c). 

 

Mar. 26, 2012: Slightly active conditions are observed at both the stations. There is an onset of 

westward current to the north of Ft Yukon at ~10 UT. Electron density data showed the presence 

of locally-formed electron density structures along with convected structures. After the substorm 

onset, the east-west plasma flow is directed eastward with an average velocity of 800 m/s. 

Ionization blobs with scale sizes 10-100 km are dominant during this night as shown in figure 

4.22(d). From the figure, it can be observed that there are some structures with scale size ranging 

from 150-250 km.  

 

Jan. 15, 2013: Very slight active conditions are observed at both the stations. The electron 

density profile and the electron temperature profile indicate the presence of locally-formed and 

convected structures. Westward plasma flow with an average velocity of 464 m/s and southward 

plasma flow with an average velocity of 90 m/s were observed. Ionization blobs with scale sizes 

10-150 km were high during this night as shown in figure 4.22(e). 
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(a) (b) 

(c) (d) 

(e) 

Figure 4.22: Bar graph of blob occurrence as a function of scale sizes on (a) 27 August 2011 (b) 29 
August 2011 (c) 30 August 2011 (d) 26 March 2012 (e) 15 January 2013 
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4.3. Discussion 

These observations of F-region ionosphere electron density structures using the data from 

Poker Flat incoherent-scatter radar have provided valuable insights of horizontal structure sizes 

and convection of auroral zone ionization blobs. Under southward IMF conditions, polar cap 

patches [high density plasma structures with scale sizes of 100-1000 km] that are formed on the 

day-side of the earth by solar radiation or energetic particle precipitation in the cusp region move 

anti-sunward across the polar cap with the ExB drift velocity from noon to midnight as shown in 

Figure 4.23a. As F-region plasma has a long (30-60 minute) chemical recombination time, polar 

cap patches then convect into the night-side auroral zone, forming east-west elongated structures 

known as ionization blobs with varying scale sizes. Particle precipitation in the polar cap or high 

latitude region may also produce blobs in the evening auroral zone. These convected blobs are 

often termed cold plasma irregularities as they are not associated with an increase of electron 

temperature. A density enhancement produced locally by soft-particle precipitation associated 

with an increase of electron temperature will also result in the formation of a blob in the auroral 

zone. Both mechanisms together will also contribute to the formation of the density increases as 

seen in our foregoing analysis. Under northward IMF conditions, i.e. when the magnetic 

conditions are quiet the plasma flow is restricted to higher latitudes, patches do not occur in the 

polar cap ionosphere. Instead, sun-aligned arcs or theta auroras with dawn-dusk are observed as 

shown in Figure 4.23b.  

Ionization blobs are large-scale irregularity structures with 10-300 km sizes moving with 

the background plasma in the auroral zone. The high-latitude plasma flow plays a very important 

role in the history of the blob regardless of the source mechanism. Detailed space-time variation 

studies of electric fields using Poker Flat incoherent scatter radar [Watkins et al., 2011; Gudivada 

and Watkins, 2011, 2012] has shown the behavior of plasma flow during active geomagnetic 

conditions.  All the cases studied using radar-derived plasma drift data during early evening 

hours (from 6-13 UT) when substorms occur over or near Alaska show a consistent trend as 

shown in the Figure 4.24.  

This trend was observed at all the latitudes (from magnetic latitude 66o-68o in 0.25 degree 

steps) with some temporal variations depending on the current location. The east-west 

component of plasma flow is larger than the north-south component of plasma flow. During 

early evening hours in the vicinity of the westward substorm current, the east-west component of 
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plasma flow is negative, indicating westward plasma flow (i.e. northward E-field). Increase in 

westward plasma flow or near-zero east-west plasma flow was observed during the substorm 

growth phase (about 45-90 minutes before the substorm onset), depending on the intensity of 

substorm activity. At the onset of the substorm, westward plasma flow turns eastward and 

remains eastward. A few cases with two substorm onsets within a gap of 2-3 three hours 

indicated that the eastward plasma goes westward after the recovery phase of the first substorm. 

Following this, westward plasma flow goes eastward at the onset of second substorm and 

remains eastward. This behavior can be clearly observed during the night of 9th October 2012.  

The north-south component of plasma flow has near-zero values in the evening prior to substorm 

growth, indicating that there is no north-south plasma drift. During the substorm growth phase, 

there is westward E-field component corresponding to southward plasma motion. After the 

substorm onset, the westward E-field component remains, indicating continued southward 

plasma flow.   

 

 
Figure 4.23: Irregular structures in the polar cap ionosphere (a) Patches drifting anti-sunward during 

Southward IMF state (b) Sun-aligned arcs or theta auroras with Dawn-Dusk drift observed during Northward 

IMF state [After Carlson 1994]. 
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The foregoing analysis of plasma flow on fifteen different nights for 3-4 hour periods 

during the early evening and midnight time sector using 4-position high resolution mode showed 

similar behavior. The only difference is that the plasma flows from magnetic latitude 66o-66.75o 

are observed as the latitudinal range extent of this mode is limited and the data from higher 

latitudes has high measurements uncertainty error. 
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Figure 4.24: Consistent trend of plasma flow observed from numerous case studies using Poker 
Flat incoherent scatter radar. 
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CHAPTER 5. CONCLUSIONS AND FUTURE WORK 

5.1. Conclusions 

In this thesis, we utilized the newly available Advanced Modular Incoherent Scatter 

Radar (AMISR) at Poker Flat, Alaska to measure the scale sizes of F-region electron density 

structures during night time. This work presents the first analysis of the horizontal structure and 

convection of ionization blobs in the evening auroral zone. Since incoherent-scatter radar 

systems are costly to operate and as the demand for the radar operation during specific time 

periods is high, the amount of data collected using the high-resolution mode was limited. 

However, there are a number of excellent case studies that have been analyzed and presented 

here. The observations were made from years 2011 to 2013 under varying conditions of geo-

magnetic activity and at different times in the evening and around the midnight time sector. From 

our study, we are able to conclude that: 

1. For quiet geomagnetic conditions (Kp ≤ 1), near-zero east-west plasma flows with an 

average velocity of 100-500 m/s and southward plasma flow with an average velocity of 

up to 100 m/s were observed. The size distribution of ionization blobs maximizes in the 

range of 10-50 km. 

2. These structures, during quiet conditions measured well south of the auroral oval, 

probably represent typical mid-latitude conditions.  

3. For active geomagnetic conditions (Kp ≥ 4), the drift of the ionization blobs depends on 

the onset of the westward current and the distribution of scale sizes is shifted to 100-300 

km. The radar-measured ion velocity component is directed westward with an average 

velocity of 500-1000 m/s before the substorm onset and it is directed eastward with an 

average velocity of 500-1000 m/s after the substorm onset. Southward plasma flow with a 

velocity of up to 400 m/s was observed. 

4. This shift of distribution from smaller sizes (10-50 km) to larger scale sizes (100-300 km) 

during active conditions (Kp ≥ 4) is related to the relative location of the observations to 

the strong auroral east-west plasma velocities just equatorward of the auroral oval.  

5. For the observations in the region of large east-west plasma velocities, due to long 

chemical recombination times these structures are convected horizontally into the 

observation regions from their origin in the polar cap and dayside ionosphere.  
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5.2. Future Work 

Much work remains to be done in this area. Observations presented here were limited by 

a restricted data base, as the radar was operated in a special mode for limited time intervals. In 

order to make more generalized statements about the distribution of the scale sizes of electron 

density irregularities more data is required. By carrying out the observations throughout the year, 

the variations could be ascribed to the changing season or the time of day. The Poker Flat 

Incoherent Scatter Radar is operated continuously on a low-duty cycle throughout the year with a 

beam configuration similar to the mode used in this thesis. Figure 5.1a shows the geometry plot 

of the azimuthal and the elevation of the beams. Figure 5.1b shows the line plot of the range 

coverage of the beams. This mode, named IPY (long-duration measurements in support of the 

International Polar Year) transmits both long-pulse and a shorter alternating code. This data has 

poor-time resolution compared to the data used in this thesis because of the transmission of 

alternating code pulses that are usually not useful for F-region studies. Similar technique could 

be used to study the diurnal and seasonal variations of electron density irregularity scale sizes by 

sacrificing the time resolution. 

Other experiments that could be performed include simultaneous optical and radar 

experiments to examine if there is any difference between the scale sizes of electron density 

irregularities measured using both techniques.   

Work relating polar cap patches and auroral zone blobs hasn’t been done. Simultaneous 

observations in the polar cap and auroral zone would be invaluable in this regard. The northward 

looking Resolute Bay Incoherent Scatter Radar (RISR-N) is shown in figure 5.2. RISR-N is 

located at Cornwallis Island, Nunavut, Canada, geographic latitude 74.72o N and longitude 

94.90o W. The face of the radar is tilted in such a way that its bore-sight direction corresponds to 

an azimuthal angle (east of north) of 26o and an elevation angle of 74o. The radar operating 

frequency is ~ 442.5 MHz and operates at an output power of 2 MW.  This radar is located in the 

polar cap, making it suitable for the observation of polar cap ionization patches. Simultaneous 

observations of polar cap patches using RISR-N and auroral zone ionization blobs using PFISR 

might provide valuable insights into electron density irregularities relating to their formation and 

transport from the polar cap to the auroral zone.  
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Figure 5.1: (a) Geometry plot of the azimuthal and elevation angles of the beams. (b) Range coverage of 
the beams as a function of magnetic longitude and magnetic latitude. 
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Figure 5.2: Northward looking UHF phased array radar at Resolute Bay, on Cornwallis Island, Canada. 
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